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Abstract 
The tetraploid domesticated emmer wheat, Triticum turgidum L. subsp. dicoccon, expresses α-amylase protein inhibitors of 
varying sizes and assemblies, i.e. dimers and heterotetramers of polypeptide chains of about 12–15 kDa. Although genetic 
studies have shown the presence of coding sequences for monomeric inhibitors in tetraploid wheat and whole-seeds prot-
eomic studies have indicated their expression, until now there has been no isolation nor characterization of such proteins. In 
this study, for the first time, an inhibitory protein of human salivary and Tenebrio molitor, Tribolium castaneum, Sitophilus 
oryzae, and Ephestia kuehniella α-amylase (EC 3.2.1.1), was isolated from whole flour extracts of a tetraploid wheat and 
its sequence was determined by MS analyses. The inhibitor acts more strongly against coleopteran α-amylases than against 
those from E. kuheniella and human saliva. The inhibitory characteristics along with the putative sequence determination 
reported in the present study, allows for further evaluation towards its utilization as a post-harvest protection strategy against 
insect infestations.

Keywords  Emmer wheat · Insect α-amylase · α-amylase inhibitor · Tenebrio molitor · Tribolium castaneum · Sitophilus 
oryzae · Ephestia kuehniella

Abbreviations
AI	� α-amylase inhibitor
CBB	� Coomassie brilliant blue

DNS	� 3,5-Dinitrosalicylic acid
E-WMAI	� Emmer wheat monomeric α-amylase inhibitor
HAS	� Human salivary α-amylase
TMA	� Tenebrio molitor α-amylase

Key message

•	 Arthropods feed on caryopses’ starch, using secreted 
α-amylases

•	 A monomeric α-amylase inhibitor from emmer wheat 
seeds was characterized

•	 Emmer seeds store α-amylase inhibitors as part of their 
defence machinery

•	 The protein inhibitory activity was studied for possible 
post-harvest protection strategies
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Introduction

The wheat kernel endosperm is a storage tissue that sur-
rounds the embryo and stores a large amount of starch 
to be used as a carbohydrate source for the heterotrophic 
stage of the developing embryo. Within the endosperm, 
a wide array of proteins is also stored. Some of these 
proteins, upon proteolysis, provide the amino acid pool 
needed for the new syntheses (prolamins, mainly insolu-
ble proteins), whereas others have regulatory functions 
(albumins and globulins). Regulatory proteins are part of 
the soluble protein complement of the storage tissue, and 
comprises hydrolytic enzymes, inhibitors, and defence 
proteins. Many of the defence proteins and inhibitors 
protect the seed from the attack of pests and pathogens 
(Shewry and Lucas, 1997). In wheat, as well as in other 
members of the Triticeae tribe, many of the inhibitory pro-
teins are active against several α-amylases (EC 3.2.1.1), a 
group of enzymes with crucial roles in the carbohydrate 
metabolism of many autotrophic and heterotrophic organ-
isms (MacGregor et al. 2001). Those inhibitors are char-
acterized by the bifunctional inhibitor/plant lipid transfer 
protein/seed storage helical domain (InterPro; Blum et al. 
2021), a structural domain consisting of 4 helices with 
a folded leaf topology, forming a right-handed superhe-
lix. The cereal α-amylase inhibitors (AIs) share the same 
superhelical, disulphide-stabilized four-helix bundle con-
taining an internal cavity. In the UniProt database, they 
are listed as members of the “protease inhibitor I6 (cereal 
trypsin/α-amylase inhibitor family)”, which contains pro-
teins inhibiting α-amylases from mammals, birds and 
arthropods, as well as trypsin-like serine protease inhibi-
tors. Although in some cases one protein has been shown 
to possess inhibitory sites for both activities (i.e., the 
bifunctional α-amylase/trypsin inhibitor from ragi seeds; 
Campos and Richardson 1983), most of them show a sin-
gle inhibitory activity against heterologous α-amylases. 
Of the wide range of the wheat seed proteins belonging to 
this family, many members of the AI subset have been iso-
lated and characterized; they possess polypeptide chains 
of 12–16 kDa that can perform the inhibitory function as 
monomers (WMAI) or in aggregated forms, comprised of 
dimeric (WDAI) and heterotetrameric (WTAI) quaternary 
structures (Altenbach et al. 2011). Wheat monomeric AIs 
are encoded by genes located on 6B and 6D chromosomes, 
WDAI by genes on 3B and 3D and WTAI are encoded by 
genes in chromosome group 7 and chromosome group 4 of 
the B and D chromosomes (Camerlengo et al. 2020). They 
are active against α-amylase from insects, mites and mam-
malians, but not against the wheat endogenous α-amylases 
(Altenbach et al. 2011), thus excluding a regulatory role 
during germination, but supporting their protective role. 

Indeed, many researchers have studied the action of plant 
AIs on insect amylases, as potential sources of resistance 
genes (Da Lage 2018). Recently, they have been also 
investigated as nutraceuticals and antinutrients. Like other 
members of the cereal trypsin/α-amylase inhibitor fam-
ily, plant AI polypeptide chains present a high number 
of cysteine residues (9–10), responsible for maintaining 
the protein secondary structure tight folding which in turn 
makes them resistant to enzyme and thermal processing 
(Oneda et al. 2004); for this reason, many of the proteins 
belonging to this family retain their bioactivity after food 
processing or animal digestion. In particular, the wheat 
AIs, were shown to delay the hydrolysis of starch into 
reducing sugars and to suppress postprandial glucose peak 
in rats, dogs, and humans (Ninomiya et al. 2018), and have 
been studied for their potential for the prophylactic treat-
ment of type 2 diabetes (Gong et al. 2020). On the other 
hand, they are major wheat allergens (Sander et al. 2011) 
and are also implicated in causing non-celiac gluten sen-
sitivity and in worsening other inflammatory conditions 
(Geisslitz et al. 2020).

The hexaploid soft wheat, Triticum aestivum L., mono-
meric α-amylase inhibitors (WMAIs), are well-characterized 
small salt-soluble proteins, basically inactive against mam-
malian and avian amylases (Silano et al. 1975) but active 
on coleopteran and lepidopteran α-amylases (Gutierrez 
et al. 1990, 1993). The WMAI family consists of various 
iso-inhibitors identified by their relative mobility on native 
PAGE (Silano et al. 1973); of those, the best studied is the 
inhibitor 0.28, a single polypeptide 13.4 kDa chain of 123 
amino acids. Its sequence possesses two critical regions, that 
is, the N-terminal sequence before the first cysteine (Cys37) 
and a short sequence (position 54–56) after a Cys-Arg-Cys 
motif. Mutations in the first region affect the kinetics of the 
enzyme–inhibitor complex formation, whereas any muta-
tion in the second region renders the enzyme completely 
inactive (Garcia-Maroto et al. 1991). Further studies on 
T. aestivum var. Newton (Feng et al. 1996) identified AIs 
with high sequence identities with the 0.28 inhibitor, able 
to inhibit almost completely α-amylase from the rice wee-
vil, Sitophilus oryzae (L.) (Coleoptera: Curculionidae), the 
red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: 
Tenebrionidae) and the yellow mealworm, Tenebrio molitor 
L. (Coleoptera: Tenebrionidae), but with almost no activ-
ity against the human salivary α-amylase. However, besides 
earlier studies suggesting the expression of monomeric AIs 
in durum wheat (Gomez et al. 1991), those proteins have 
never been isolated from tetraploid wheat. Nonetheless, their 
presence has been indirectly shown by both genetic studies 
on the domesticated emmer progenitor, wild emmer (Wang 
et al. 2010), and proteomic studies including the domesti-
cated emmer (Geisslitz et al. 2018, 2020). These proteins are 
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coded by genes located on the short arm of the chromosome 
B, which is part of the tetraploid wheat genome. Therefore, 
in the present study, we report on the first isolation of a 
WMAI from the tetraploid domesticated emmer wheat, Triti-
cum turgidum L. ssp. dicoccon (Schrank ex Schübl.) Thell., 
and the characterization of its activity against insect and 
human salivary α-amylases.

Materials and methods

Plant material

Hulled emmer wheat seeds were purchased from the “Con-
sorzio Produttori Farro della Garfagnana” (Piazza al Serchio, 
Lucca, Central Italy).

Purification of α‑amylase inhibitors

Seeds were ground for 2.5 min in a cooled steel ball mill 
(Retsch GmbH & Co. KG, Haan, Germany). The flour was 
extracted as in Fontanini et al. (2007a). A quantity of 50 g of 
flour was extracted twice by stirring with 250 ml of 0.15 M 
NaCl for 1 h, each. After 50% ammonium sulphate precipi-
tation (1 h, 4 °C), the extract was resuspended and dialyzed 
against 20 mM sodium acetate buffer, pH 5.3. The sample was 
then applied on a CM-cellulose column (2.5 × 20 cm; Sigma-
Aldrich, Milan, Italy), equilibrated with the same buffer and 
eluted with a three-step gradient of the acetate buffer (20–200, 
200, and 200–300 mM). The unbound material (UB) was col-
lected, lyophilized, and further fractionated on a semi-prepar-
ative reversed-phase HPLC C18 column (10 × 250 mm, 300 Å, 
7 μm; Macherey–Nagel, GmbH & Co. KG, Düren, Germany), 
equilibrated with 10% ACN:0.05% TFA, and eluted with a 
stepwise gradient going in 10 min to 30% ACN:0.05% TFA 
and for the next 40 min, to 50% ACN:0.05% TFA, at a flow 
rate of 3 ml/min. The column was heated at 50 °C.

The peaks of interest were collected from multiple injec-
tions and further fractionated with two sequential chroma-
tographic separations on an analytical RP-HPLC column 
(4 × 250 mm, 300 Å, 5 μm; Macherey–Nagel, GmbH & Co. 
KG, Düren, Germany), equilibrated with 20% ACN:0.05% 
TFA at a flow rate of 1 ml/min. After 10 min, the elution 
reached 30% ACN:0.05% TFA in both chromatographic sep-
arations. Next, the chromatography runs were performed at 
gradient rates of 0.25% ACN/min (first run) and 0.125% ACN/
min (second run) until 50% ACN:0.05%TFA was reached. The 
column was heated at 50 °C.

1D SDS‑PAGE

Electrophoresis on homemade mini-gels was carried out 
as already described (Capocchi et al. 2013) on 12 or 15% 
SDS-PAGE.

2D‑E (IEF × SDS‑PAGE)

Aliquots (15 μg protein) of the fractions from the second RP-
HPLC analytical separation were lyophilized and then resus-
pended in 125 μl of 25 mM Tris–HCl, pH 9.0, containing 
2% CHAPS, 6 M urea, 2 M thiourea, 0.5% IPG buffer (pH 
3–10), and BBP in traces (IEF equilibration buffer). Samples 
were then reduced for 2 h with DTT (43 mM final), alkylated 
for 1 h with 60 mM acrylamide, and used to imbibe one IPG 
DryStrip (7 cm, pH 3–10, linear; Amersham Biosciences, 
Milan, Italy) each, overnight. Focusing was carried out in a 
refrigerated (4 °C) Multiphor II apparatus (Amersham Bio-
sciences, Milan, Italy) at 200 V for 1 min, followed by a 3-h 
linear gradient to 3500 V, and 1 h constant voltage (3500 V). 
The strips were equilibrated for the second-dimensional sep-
aration under continuous shaking in 50 mM Tris–HCl, pH 
8.8, containing 6 M urea, 30% glycerol, 2% SDS, 0.002% 
BBP (equilibration buffer). Initially, the buffer contained 
25 mM DTT; after 20 min, it was replaced and added with 
360 mM acrylamide, for 20 min more.

The second-dimensional separation was carried out 
according to Laemmli (1970) on homemade 15% SDS-
PAGE gels (see above). At the end of the run, gels were 
stained with CBB R-350 (Amersham Pharmacia Biotech 
AB, Uppsala, Sweden) in methanol:H2O:acetic acid (3:6:1) 
and stored in 7% acetic acid until used for spots excision.

Isolation of α‑amylase (EC 3.2.1.1) activities 
from insect pests

All insect strains were collected in Greece. The strain of T. 
molitor was collected in 2014 and maintained in the Labora-
tory of Agricultural Zoology and Entomology, Agricultural 
University of Athens. Larvae were reared on oat bran with 
slices of potatoes as a source of moisture (De Vosjoli 2007), 
at 30 °C and 65% R.H. under continuous darkness (Kaval-
lieratos et al. 2019). Larvae about 10–14 mm long were used 
in the tests.

The strain of S. oryzae was reared on whole wheat at 
27  °C and at 65% R.H. (Athanassiou and Kavalliera-
tos, 2014). In the experiments, unsexed adults (< 2 weeks 
old) were tested. The strain was collected in 2003 and it has 
been reared under laboratory conditions (first at the Labora-
tory of Agricultural Entomology, Benaki Phytopathological 
Institute, and later at the Laboratory of Agricultural Zoology 
and Entomology, Agricultural University of Athens).

The T. castaneum strain was reared at the Agricultural 
University of Athens, under laboratory conditions. The 
strain was reared for more than 20 years on white soft wheat 
flour (mixture of varieties, made from the endosperm only) 
and 5% brewer's yeast at 30 °C, 65% R.H. and continuous 
darkness (Skourti et al. 2019). Unsexed adults (< 2 weeks 
old) were used in the experiments.
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The strain of the Mediterranean flour moth, Ephestia 
kuehniella Zeller (Lepidoptera: Pyralidae) was reared on 
wheat flour at 25 °C and 65% R.H. in continuous darkness 
(Papanikolaou et al. 2021). Larvae of 3rd–4th instar were 
used in the experiments. The strain was cultured under lab-
oratory conditions (first at the Laboratory of Agricultural 
Entomology, Benaki Phytopathological Institute, and later 
at the Laboratory of Agricultural Zoology and Entomology, 
Agricultural University of Athens) since 2003.

Aliquots (0.1 g) of each insect species were frozen with 
liquid nitrogen in a 2-ml microtube containing two agate 
spheres (Ø 5 mm) and ground in a ball mill (Retsch GmbH 
& Co. KG, Haan, Germany) for 1–2 min. The insect powders 
were ground again for 1 min after adding 1 ml of extraction 
buffer (for buffer composition see Table 1 and Terra and 
Ferreira 1994; Buonocore et al. 1976; Baker 1987, 1989). 
Finally, proteins were extracted on ice for 15 min by vortex-
ing every 5 min. After centrifuging for 10 min at 13,500 rpm 
and 4 °C, the supernatants were collected, frozen, and used 
as α-amylase sources when needed. Extracts’ protein quan-
tification was performed using a Bradford assay (Bradford 
1976).

α‑amylase saturation curves

Saturation curves of the insects α-amylases were determined 
with the Bernfeld assay (see section: In-solution α-amylase 
activity and inhibition assay), using increasing amounts of 
crude extracts (Table 1). The linear part of the curves was 
used to infer the amount of α-amylase extracts to be used in 
the inhibition assays.

In‑solution α‑amylase activity and inhibition assay

Assays were carried out as already described (Fontanini 
et  al. 2007b), based on the Bernfeld method (Bernfeld 
1955). Briefly, the insect α-amylase extracts or human 
salivary α-amylase (HSA; 0.05 U) (Sigma-Aldrich, Milan, 
Italy) were preincubated at 37 °C, for 30 min, in reaction 
buffer (see Table 1 for insect extracts volume and buffers 

composition; Terra and Ferreira 1994). Soluble potato starch 
dissolved in buffer was added to the mixture (1% final), 
and allowed to react for 30 min. The reaction was stopped 
by adding DNS and boiling. After proper dilution of the 
mixture, its absorbance was read at 540 nm against a blank 
reaction made by adding starch to the mixture immediately 
before the DNS. When insect α-amylase inhibition was to be 
measured, 2 μg of partially purified inhibitor was also added 
to a preincubation mixture containing 1 U (10 nm maltose/
min) of insect α-amylase extract.

Protein spots digestion and MS analyses

Selected protein spots from the 2DE gel were excised, 
washed, and subjected to in-gel trypsin digestion (Sestili 
et al. 2013; Garcia-Molina et al. 2017; Labuschagne et al. 
2020). Modified porcine trypsin (Promega, Madison, WI) 
was soaked into the gel pieces for 30 min, then the superna-
tant was removed, and the gel pieces were covered with 50 
μL of 50 mM NH4HCO3 (37 °C overnight). The enzymatic 
reaction was stopped by cooling the supernatant solution and 
the gel pieces and at − 20 °C.

Mass spectrometry data were acquired on a Thermo 
Fisher Scientific Orbitrap Fusion Tribrid® (Q-OT-qIT) mass 
spectrometer (Thermo Fisher Scientific, Bremen, Germany). 
Liquid chromatography was performed with a nano-LC 
system (Thermo Scientific Dionex UltiMate 3000 RSLC, 
Sunnyvale, CA). One microliter of peptide mixture was first 
loaded onto a trapping column (Acclaim ®Nano Trap C18 
Column; 100 µm i.d. × 2 cm, 5 µm particle size, 100 Å); the 
trapping column was washed with H2O + 0.1% FA (solvent 
A) for 3 min at a flow rate of 7 μL/min; the peptides were 
eluted onto a C18 column (PepMap® RSLC C18 EASY-
Spray, 75 µm i.d. × 15 cm, 2 µm particle size, 100 Å) and 
separated by elution at a flow rate of 0.300 µL/min at 40 °C 
with a linear gradient of ACN + 0.1% FA (solvent B) in A, 
5% for 5 min, followed by 5% to 60% in 40 min and 60% to 
95% in 5 min; elution was terminated by holding at 95% B 
for 5 min and re-equilibrating at 5% B for 20 min. Experi-
mental parameters related to electrospray ionization, peptide 

Table 1   Assay conditions for insects α-amylase activity

1 Buonocore et al. 1976
2 Baker 1987
3 Baker 1989

Species Extraction and Assay Buffer Extract Protein (µg/µl) Assay Pro-
tein (µg)

Tenebrio molitor 20 mM Na-acetate, pH 5.5 + NaCl 6.7 mM1 4.62 0.023–1.386
Tribolium castaneum 20 mM Na-acetate, pH 5.5 + NaCl 6.7 mM 2.04 0.051–3.060
Sitophilus oryzae 20 mM Na-acetate, pH 5.0 + NaCl 20 mM, CaCl2 0.1 mM2 1.60 0.040–2.400
Ephestia kuehniella 0.1 Tris–HCl, pH 9.5 + NaCl 20 mM, CaCl2 0.1 mM3 4.91 0.123–7.360
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survey scan and MS/MS analysis were previously reported 
(Di Francesco et al. 2021). MS data acquisition was carried 
out by utilizing the Xcalibur v. 3.0.63 software (Thermo 
Fisher Scientific Bremen, Germany).

Database search and protein identification

Protein identification was performed processing the MS 
data with the PEAKS X Pro de novo sequencing software 
v. 10 (Bioinformatics Solutions Inc., Waterloo, ON Can-
ada). Data were searched against a Viridiplantae database 
downloaded from the UniProt database (release December 
2020, 40 K entries). The c-RAP (common Repository of 
Adventitious Proteins) contaminant database (www.​thegpm.​
org, accessed on date 6 February 2020) was included in the 
database search.

Database search was carried out with the following 
parameters: (1) full tryptic peptides with a maximum of 
3 missed cleavage sites; (2) oxidation of methionine, and 
transformation of N-terminal glutamine and N-terminal glu-
tamic acid residue in the pyroglutamic acid form as variable 
modifications; and (3) carbamidomethylation of cysteine as 
a fixed modification. The precursor mass tolerance thresh-
old was 10 ppm, and the max fragment mass error was set 
to 0.6 Da. Peptide spectral matches (PSMs) were validated 
using a target decoy PSM validator node based on q-values 
at a false discovery rate (FDR) ≤ 0.1%. PEAKS score thresh-
olds for PSMs were set to achieve for each database search 
FDR values for PSMs, peptide sequences, and proteins iden-
tified below the 0.1% value.

Data analysis and sequence data handling were performed 
using the General Protein/Mass Analysis for Windows 
(GPMAW) software. The mass spectrometry proteomics 
data were deposited into the ProteomeXchange Consortium 
via the PRIDE (Perez-Riverol et al. 2019) partner repository 
with the dataset identifier PXD026490.

Statistical analysis

The Shapiro–Wilk test for normal distribution was carried 
out with the PAST 4.03 software (Hammer et al. 2001). The 
Student’s t-test (Excel Office) was carried out to determine 
significant differences between the means. A p-value less 
than 0.05 was considered statistically significant.

Results

Purification of the emmer monomeric α‑amylase 
inhibitor (E‑WMAI)

The inhibitor purification was monitored at each step by 
either one or both in-gel and in-solution assays. The salt-
soluble proteins extracted and concentrated by ammonium 
sulphate precipitation were grossly separated into three frac-
tions by cation exchange chromatography (CM). When the 
fractions collected (pool I, PI; pool II, PII; unbound, UB) 
were analysed by in-gel human salivary α-amylase (HSA) 
inhibition assay, similar inhibitory protein bands were found 
in PI and PII (Fig. 1; left); on the other hand, the UB sample 
showed an HSA inhibition band which could be assigned 
to a faster migrating/higher Rf protein. The in-solution 
inhibitory assays against HSA (Fig. 1; right) indicated that 
while PI and PII highly inhibited the HSA activity, the CM-
unbound sample played a lower inhibitory effect, whereas 
this fraction was as equally efficient as the other ones in 
inhibiting TMA (T. molitor α-amylase).

The CM-UB fraction was the focus of the following puri-
fication steps. The inhibitory activity was further isolated by 
multiple injections on semi-preparative RP-HPLC, resolving 
in few peaks of which only two contained inhibitory proteins 
(Fig. 2). Assays against HSA and TMA of the collected frac-
tions corresponding to the peaks eluting at minutes 21 and 
22, confirmed a higher specificity of those proteins against 
the insect α-amylase, than HSA (Fig. 2, right). On SDS-
PAGE gels (Fig. 2, insert), the fractions appeared largely 
cross-contaminated; to better separate them, two rounds 

Fig. 1   Electrophoretic analyses 
and inhibition assays of the 
CM-eluted fractions. On the 
left, in-gel HSA inhibition assay 
by 7.5% starch PAGE (5 ug 
protein each); on the right, in-
solution inhibition assay against 
HSA and TMA (see text for 
detailed explanations)
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of analytical RP-HPLC followed. The first separation was 
done with a 0.25%/min ACN-TFA gradient in water (data 
not shown), while the second one was achieved with a fur-
ther flattened gradient (0.125% ACN-TFA/min), allowing 
for the separation and selection of three peaks of interest 
(Fig. 3, 1–3) based on SDS-PAGE (Fig. 3, insert) and inhi-
bition of TMA and HSA activities. As shown in Fig. 3, the 
chromatograms of those fractions partly still superimposed, 
indicating partial cross-contamination. The coexistence of 
common proteins amongst them was also suggested by the 
SDS-PAGE results. Denaturing electrophoresis indicated an 
approximate MW of 14 kDa for the sample proteins. The 
three fractions had high inhibitory activity against TMA and 
little or none against HSA (Fig. 3, right); In particular, peak 
3 showed no inhibition of HSA and almost complete inhibi-
tion of TMA.

Inhibitor(s) sequencing and identification

To identify the proteins present in the three HPLC fractions, 
preliminary MS analyses were conducted on the protein 

Fig. 2   Semi-preparative RP-
HPLC fractionation of the 
CM-unbound sample showing, 
in the insert, a 15% SDS-PAGE 
of the peaks collected at 21 and 
22 min (15 μg each). On the 
right, the inhibitory activity of 
the collected fractions against 
HSA and TMA (2 ug each)

Fig. 3   Final analytical RP-
HPLC purification of inhibitory 
peaks (0.125% ACN-TFA/min). 
The graph shows the superim-
position of the chromatograms 
obtained by three fractions from 
a previous chromatography 
(0.25% ACN-TFA/min; data not 
shown). In the insert, 15% SDS-
PAGE of the fractions collected 
(1, 2, and 3; 6.6 μg each). On 
the right, the inhibitory activity 
of the collected fractions against 
HSA and TMA (2 ug each)

Fig. 4   Sections of 2DE (IEFxSDS PAGE) of the peaks from analyti-
cal RP-HPLC. Samples (15  μg each) from the RP-HPLC fractiona-
tion were separated in the first dimension on Immobiline DryStrip 
(linear gradient, pI 3–10); the second-dimensional run was on 15% 
SDS-PAGE. Gels were stained with CBB R-350. Fraction numbers 
(upper left corners) correspond to the peak numbers in Fig.  3. The 
arrow indicates the spot identified with the Triticum aestivum mono-
meric inhibitor, P01083
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bands shown in Fig. 3 (insert); the data (not shown) indi-
cated a large prevalence, in each of them, of components 
belonging to the AI class; the identity and distribution of 
those components in each fraction were further investigated 
by 2D electrophoresis (IEF x SDS-PAGE) (Fig. 4). The 
gels displayed some major protein spots of about 14 kDa 
and acidic pIs, and minor contaminants. Those spots were 
excised and subjected to enzymatic digestion, followed by 
HPLC-nESI MS/MS analyses and bioinformatic search, 
revealing the presence of three most abundant polypeptides 
and few closely related sequences. The one with more acidic 
pI (about 5.1) was mainly present in fraction 1, whereas the 
more alkaline (pI 5.4) was the main component of fraction 3. 
Fraction 2 consisted of a mixture of both proteins. Sequenc-
ing of the excised spots (Supplementary Online Material, 
Figs. S1a–d and Tables S1a–d) indicated the presence, in 
fraction 1, of at least two proteins that could be associated 
to the sequence of a dimeric inhibitor of α-amylase (UniProt 
Acc. No. P01084) from soft wheat. In fraction 2, peptides 
closely related to both the dimeric and monomeric AIs from 
T. aestivum (Acc. No. P01084 and P01083, respectively) 
were identified. Fraction 3 contained as main component a 
protein highly similar to the monomeric AI from T. aestivum 
(Acc. No. P01083), also known as inhibitor 0.28 based on 
its electrophoretic mobility on native PAGE (7.5% acryla-
mide disc electrophoresis; Cantagalli et al. 1971). De novo 
sequencing of the fraction 3 main component allowed to 
determine the sequence reported in Fig. 5. When the putative 
sequence for this protein was queried with BLASTP (Uni-
Prot; The UniProt Consortium 2019), all the top 100 matches 
corresponded to monomeric AI accessions (with the first 50 
hits scoring within about 97% identity), most of which from 
the tetraploid wild emmer wheat Triticum turgidum subsp. 
dicoccoides (Korn.) Thell. (Supplementary Online Material, 
Fig. S2). Alignment of the sequence with the first five scor-
ing hits (Clustal O 1.2.4; Madeira et al. 2019) confirmed that 
the isolated protein possesses the cereal trypsin/α-amylase 
inhibitor family conserved site and the family signature of 
121 amino acids including 10 cysteine residues; compared 
to the soft wheat WMAI P01083, E-WMAI possessed two 

amino acid substitutions (Asn8 → Asp8; Arg109 → Asp109) 
and the Gly115-Asp116 deletion (Fig. 6).  

α‑amylase (EC 3.2.1.1) activities from insect pests 
and their inhibition by the purified inhibitor

Adults of T. castaneum and S. oryzae, as well as larvae of 
T. molitor and E. kuehniella, were extracted and assayed 
in appropriate buffers as reported in Table 1, using starch 
as substrate. Figure 7 shows the curves obtained by test-
ing increasing amounts of enzyme extracts (from different 
insects and developmental stages), until the ratio extract’s 
protein content/maltose release (from the starch substrate) 
begins to lose linearity.

The proper amount of enzyme extract to be used in the 
inhibition assays was chosen in the linear range of the curves 
shown in Fig. 7; insect extracts were tested for α-amylase 
inhibition by using the volume which released 10 nmol malt-
ose/min (defined arbitrarily as 1 U of α-amylase activity), 
and 2 μg of emmer wheat inhibitor. Under these conditions, 
the inhibitor reduced the activity of the insect α-amylases 
(94.7–99.4% inhibition; Fig. 8) except for that from E. kue-
hniella, which maintained 67.8% of its original activity after 
preincubation with the inhibitor. Also, HSA inhibition was 
limited to approximately 17%.

Based on the reported data, it can be concluded that 
the present inhibitory activity is a monomeric α-amylase 
inhibitor belonging to the cereal trypsin/α-amylase inhibi-
tors family, characterized by the family signature of 120 
amino acids, including 10 Cys residues, and the conserved 
sequence Cys37–Cys59 (signal included), which is present 
with a substitution Asn → Asp in the putative sequence. To 
our knowledge, E-WMAI is the first monomeric α-amylase 
inhibitor protein isolated and characterized from a tetraploid 
wheat.

Discussion

By using an amylolytic reaction performed by HSA as bioas-
say, inhibition was recorded in the soluble fraction of emmer 
wheat. Previous studies had already identified and charac-
terized a dimeric and a heterotetrameric protein inhibitor in 
emmer wheat whole flour, active against mammalian and 
insect α-amylases (Fontanini et al. 2007a; Capocchi et al. 
2013). The bioassay was used to monitor the inhibitory 
fraction isolation. However, before assaying any sample 
not yet separated through RP-HPLC, boiling is required to 
denature the amylolytic activity present in the flour extract 
(endosperm endogenous α-amylase(s)) to avoid underesti-
mation of the inhibitory activity. After the crude flour extract 
was subjected to the CM separation, preliminary data on 
HSA and TMA inhibition suggested that the UB fraction, as 

                      10          20          30          40     
E-WMAI        SGPWSWCDPA  TGYKVSALTG  CRAMVKLQCV  GSQVPEAVLR

                      50          60          70          80  
        DCCQQLADIN  NEWCRCGDLS  SMLRSVYQEL  GVREGKEVLP 

                      90         100         110         120 
        GCRKEVMKLT  AASVPEVCKV  PIPNPSGDGA  GVCYWAAYPD 

       V

Fig. 5   Putative sequence of the isolated α-amylase inhibitor 
(E-WMAI), obtained by ESI–MS/MS sequencing of the protein spot 
excised from the gel in Fig. 4. Cysteines are in bold
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compared to the PI and PII fractions, was enriched of an AI 
of the monomeric class. Indeed, its inhibitory behaviour was 
consistent with the one well known in hexaploid wheat for 
its high efficiency against insect pests, but inactive against 
HSA (Silano et al. 1975). HPLC further fractionation of the 
isolated sample indicated its activity to be very stable, as 
compared to another AI from durum wheat, which lost the 
inhibitory potential after the first RP-HPLC fractionation 
(Gomez et al. 1991). The collected data, along with the salt 

solubility characteristics and the inhibitory activity, sup-
ported the belonging of the isolated protein(s) to the class 
of the monomeric AIs. Mass spectrometric sequencing of 
the spot excised by the 2DE gel obtained with the separation 
of the HPLC fraction 3 confirmed the protein identity. Spot 
d was recognized as a monomeric AI. The newly identified 
protein was named E-WMAI.

Even though the inhibitor was initially isolated based 
on its ability to act against the α-amylase from T. molitor, 

QLH12251.1       MWMKTGFWGLLVFMLVATTMAVEYGARSHNSGPWSWCDPATGYKVSALTGCRAMVKLQCV 60
ACQ84008.1       MWMKTVFWGLLLFMLVATTMAVEYGARSHNSGPWSWCDPATGYKVSALTGCRAMVKLQCV 60
XP_020152460.1   MWMKTVFWGLLVFMLVATTMAVEYGARSHNSGPWSWCDPATGYKVSALTGCRAMVKLQCV 60
ABO45941.1       ------------------------------SGPWSWCDPATGYKVSALTGCRAMVKLQCV 30
E-WMAI           ------------------------------SGPWSWCDPATGYKVSALTGCRAMVKLQCV 30
P01083.3         MWMKTVFWGLLVFMLVATTMAVEYGARSHNSGPWSWCNPATGYKVSALTGCRAMVKLQCV 60
                                               *******:********************** 

QLH12251.1       GSQVPEAVLRDCCQQLADINNEWCRCGDLSSMLRSVYQELGVREGKEVLPGCRKEVMKLT 120
ACQ84008.1       GSQVPEAVLRDCCQQLADINNEWCRCGDLSSMLRSVYQELGVREGKEVLPGCRKEVMKLT 120
XP_020152460.1   GSQVPEAVLRDCCQQLADINNEWCRCGDLSSMLRSVYQELGVREGKEVLPGCRKEVMKLT 120
ABO45941.1       GSQVPEAVLRDCCQQLADINNEWCRCGDLSSMLRSVYQELGVREGKEVLPGCRKEVMKLT 90
E-WMAI           GSQVPEAVLRDCCQQLADINNEWCRCGDLSSMLRSVYQELGVREGKEVLPGCRKEVMKLT 90
P01083.3         GSQVPEAVLRDCCQQLADINNEWCRCGDLSSMLRSVYQELGVREGKEVLPGCRKEVMKLT 120
                 ************************************************************ 

QLH12251.1       AASVPEVCKVPIPNPSGDRAGVCY--WAAYPDV 151
ACQ84008.1       AASVPEVCKVPIPNPSGDRAGVCY--WAAYPDV 151
XP_020152460.1   AASVPEVCKVPIPNPSGDRAGVCY--WAAYPDV 151
ABO45941.1       AASVPEVCKVPIPNPSGDRAGVCY--WAAYPDV 121
E-WMAI           AASVPEVCKVPIPNPSGDGAGVCY--WAAYPDV 121
P01083.3         AASVPEVCKVPIPNPSGDRAGVCYGDWAAYPDV 153
                 ****************** *****  *******

Fig. 6   Alignment (Clustal O 1.2.4; https://​www.​ebi.​ac.​uk/​Tools/​msa/​
clust​alo/) of E-WMAI with the first five scoring hits (based on per-
centage identity) obtained by subjecting the E-WMAI sequence to 
Blast (https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi). QLH12251, mono-
meric AI from Triticum aestivum; ACQ84008, monomeric AI from T. 

dicoccoides; XP_020152460, AI 0.28 from Aegilops tauschii subsp. 
strangulata; AB045941, AI from T. monococcum; P01083, mono-
meric AI from T. aestivum. The square groups the cereal trypsin/α-
amylase inhibitor family conserved site (aa 7–29 in the P01083 refer-
ence sequence, signal excluded)

Fig. 7   α-amylase activity from 
larval (Tenebrio molitor, Ephe-
stia kuehniella) and adult (Tri-
bolium castaneum, Sitophilus 
oryzae) insect extracts. Assays 
were carried out with increas-
ing amounts of extract protein; 
the activity was measured 
spectrophotometrically based on 
the amount of maltose released 
upon soluble starch hydrolysis 
after 30-min reaction. Data 
(± SD) are average of three 
replicates
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a well-known insect pest of stored grains and flour, many 
other insects can feed on the same starch sources due to 
the α-amylase secreted in their guts. Therefore, we tested 
the inhibitor activity on a set of starch digestive enzymes 
from other insect pests feeding on cereals and causing great 
damage to stored grains/amylaceous products. Before testing 
the inhibitor efficacy on the insect extracts, their α-amylase 
activity needed to be evaluated under optimal conditions. 
Since the gut of Coleoptera have a typical acidic pH (Franco 
et al. 2000), while in Lepidoptera is alkaline (Pytelkova et al. 
2009), their α-amylases were assayed at the corresponding 
optima pH. Optimization of the extract assays was also 
needed to determine the proper amount of insect extract to 
be used as enzyme source in the inhibition assays. Given 
that the insect α-amylases were extracted with the same 
dry weight/buffer ratio and procedures, and that all their 
amylolytic assays were carried out within partially common 
ranges of protein amounts, our findings indicate that, under 
the assay conditions, the α-amylases in the T. molitor, S. 
oryzae and T. castaneum extracts acted more efficiently on 
the starch substrate than those in the E. kuehniella extract. 
The latter, in particular, showed a linear relationship all over 
the protein amount range tested, suggesting a less specific 
starch-hydrolysing activity. A similar low specific α-amylase 
activity in E. kuehniella larvae was found by Warchalewski 
et al. (2002). This enzyme also was less sensitive to inhi-
bition by E-WMAI. Nevertheless, the least inhibition was 
found for HSA indicating a different activity of the E-WMAI 
on mammalian and insect α-amylases, similarly to the 
12.5 kDa inhibitor that was firstly isolated from soft wheat 
in the work of Silano et al. (1975).

The varying responses to the inhibitor by α-amylase 
activities from different species are not unexpected. In 
fact, despite their common structural features, phyloge-
netic analyses confirmed the early divergence in separate 
clades of insect and mammalian α-amylases, thus generat-
ing amylolytic activities within a wide range of specificities 
(Rane et al., 2020). Separate clades were identified within 
and amongst different insect orders, so that the α-amylase 
from T. molitor and T. castaneum grouped together but not 
with the E. kuehniella enzyme, which belonged to a dis-
tinct clade (Rane et al. 2020). A phylogenetic tree (Fig. 9; 
web tool iTOL, Letunic and Bork 2019), built with pub-
lished sequences for the four insect α-amylases under study 
(T. molitor P56634, T. castaneum P09107, E. kuehniella 
B8Y698, and S. oryzae E1B2Q9), confirmed the diver-
gence between the Curculionidae and the Tenebrionidae 
enzymes and an earlier divergence between those and the 
Pyralidae one. Interestingly, the tree indicated and even 
earlier divergence of the S. oryzae (Coleoptera: Curculioni-
dae) α-amylase from the two other enzymes from Coelop-
tera (Tenebrionidae).  Therefore, it was not surprising that, 
in addition to their different “specific activities”, the insect 
α-amylases responded differently to the inhibitor. Indeed, an 
insect ability to feed on a particular starch source is strictly 
linked with the latter expressing (or not) proteinaceous 
inhibitors. The interaction between the set of seed inhibi-
tors expressed and the specificity of the insect α-amylases 
determine whether an insect will be able to strive/survive on 
a particular food source. Many of the insect species studied 
so far possess multiple forms of α-amylase (De Lage 2018) 
allowing them to overcome the effects of proteinaceous 
inhibitors found in starch food sources. Thus, the success-
ful utilization of a food source is dependent on the presence 
of an α-amylase for which there is no specific inhibitor (Da 
Silva et al. 2000).

TM TC SO EK HSA

(-) Inhibitor (+) Inhibitor

-94.7% -96.7% -99.4% 

-32.2% 
-17% 

Fig. 8   Inhibition of the insect α-amylases and mammalian HSA, by 
the purified monomeric inhibitor. All the mixtures used 2 μg of inhib-
itor and the extract’s protein amount which released about 10  nmol 
maltose/min under the assay conditions. Data (± SD) are average of at 
least three replicates. All the differences between ( +) and (−) inhibi-
tor, were significant (Student’s t-test; p < 0.05). TM, Tenebrio molitor 
α-amylase; TC, Tribolium castaneum α-amylase; SO, Sitophilus ory-
zae α-amylase; EK, Ephestia kuehniella α-amylase

Fig. 9   Phylogenetic tree (web tool iTOL, Letunic and Bork, 2019), 
built with the published sequences for the following α-amylases: 
Tenebrio molitor (Acc. no. P56634), Tribolium castaneum (Acc. no. 
P09107), Ephestia kuehniella (Acc. no. B8Y698), and Sitophilus ory-
zae (Acc. no. E1B2Q9)
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A weaker inhibition of the E. kuehniella enzyme, as com-
pared to TMA, was also found for the WMAI-1 monomeric 
inhibitor from T. aestivum, although in that case the resid-
ual activity was around 20% (Gutierrez et al. 1993). Ephe-
stia kuehniella larvae express three isoforms of α-amylase 
(EkAmy1, − 2, and − 3; Pytelkova et al. 2009) functionally 
different and thus less vulnerable to plant seeds inhibitors. 
In this previous study, EkAmy3 activity levels were slightly 
affected by the soft wheat monomeric inhibitor, suggesting 
that the partial inhibition of E. kuehniella activity found in 
our study may be due to the limited effect of the inhibitor 
against this isoform and to its inability to inactivate the other 
less sensitive ones. Consequently, this species α-amylase 
multiple forms allow the lepidopteran to cope with the 
seeds defence system and feed on it. A higher efficiency 
of monomeric inhibitors against coleopteran α-amylases 
as compared to lepidopteran was also found in early stud-
ies showing the strong inhibitory effect of the T. aestivum 
monomeric inhibitor against TMA (Buonocore et al. 1980) 
and the T. castaneum α-amylase (Gutierrez et al. 1990). Feng 
(1996) reported on the proteins WRP25 and WRP26 from 
Newton soft wheat, highly similar to the monomeric 0.28 
inhibitor and active against the α-amylases from S. oryzae, 
T. castaneum and TMA, but not HSA.

To our knowledge, there is no previous report about the 
purification and characterization of a monomeric AI in tetra-
ploid wheat. Gomez et al. (1991) found an inhibitory protein 
active against TMA but not HSA in the monomeric fraction 
from the tetraploid T. turgidum var. Senatore Cappelli. The 
same protein was unstable and lost its activity during the 
purification process. The authors concluded that the protein, 
named component 3, could belong to a different class of het-
erologous AIs. More recent studies on AIs quantification by 
targeted LC–MS/MS in wheat species ranging from diploid 
(einkorn) to tetraploid (T. durum and emmer), to hexaploid 
(T. aestivum and spelt) (Geisslitz et al. 2018), indicated the 
presence of significant amounts of monomeric AIs in emmer 
wheat. In particular, the emmer wheat 0.28 inhibitor had a 
content (0.33 mg/g) similar to that of soft wheat and spelt. 
On the other hand, within the durum wheat varieties inves-
tigated, two out of six had barely detectable amounts of the 
protein, which could explain the missed detection of this 
inhibitor in the Gomez et al. (1991) study.

Despite the scarceness of biochemical evidence in favour 
of monomeric AIs in tetraploid wheat (Gomez et al. 1991; 
Geisslitz et al. 2018, 2020), genomic studies clearly show 
that wild emmer wheat populations possess many coding 
sequences for those proteinaceous inhibitors and that the 
observed SNP variations amongst them can result in amino 
acid substitutions (Wang et al. 2010). The high number of 
AI genomic sequences found in wild emmer suggests the 
possible expression of a range of functional AIs having very 
little protein sequence variations. The high level of identity 

of E-WMAI with its wild progenitor AIs, or with the T. 
aestivum 0.28 inhibitor, is compatible with such a picture 
and further confirms the monomeric inhibitor nature of the 
protein. In line with the defence function of the AIs, pro-
tecting the plant by insects, mammalians, and birds feeding 
on starch, the great diversity detected at the WMAI locus 
ensures the conserved functions and inhibition of a variety 
of insect α-amylases.

In conclusion, the isolation of the emmer inhibitor, 
E-WMAI, demonstrates that the common wheat progeni-
tor possesses and expresses the genetic potential for a natu-
ral defence from various insect pests of stored products. It 
also hints to possible applications of this protein in devising 
strategies to enhance the resistance of cereals from stored 
product pests, towards the potential of this method for non-
chemical control protocols. However, further studies will 
be needed to fully explore its biochemical properties and 
characteristics, emphasizing in its compatibility with post-
harvest agricultural systems and stored product protection.
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