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The Phylogenesis of Protein a-Amylase Inhibitors
from Wheat Seed and the Speciation of Polyploid Wheats
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Summarx. Protein o-amylase inhibitors extracted with water from seeds of a number of Triticum and degilops
species were characterized according to their molecular weights and action specificities towards human salivary
and Tenebrio molitor L. w-amylases. Four inhibitor peaks, with molecular weights 60000, 44000, 22000 and
11000, active towards the two amylases have been detected. Another inhibitor peak with molecular weight 11000,
only active towards the insect o-amylase, has been found in several species tested. Triticum urartu showed
only the 22000 inhibitor peak, while other diploid Triticum species didnot exhibit any inhibitory activity. All the di-
ploid Aegilops species tested contained o-amylase inhibitors and the inhibitor patterns differed greatly even for

closely related species. In general,

tetraploid Triticum species (turgidun and timopheevi) exhibited amylase in-

hibitor patterns of higher complexity than diploid Triticwn and Aegilops species.

The relationships existing among the amylase inhibitor patterns of the Triticinae species tested are consist-
ent with the hypothesis of the polyphyletic origin of tetraploid wheats by Sarkar and Stebbins (1956) and suggest
that the amylase inhibitors from diploid species all derive from common ancestral genes.

Introduction

The nature of the donor of the B genome to polyploid
wheats is still controversial, in spite of the number
of investigations available on several diploid species
showing some properties related to those of the B
genome. Kimber's (1973) recent hypothesis, that the
species donor of the B genome might be extinct, clear-
ly highlights the difficulties encountered in the recog-
nition of the B genome donor. Although Agropyron
triticum and degilops bicornis have been indicated
(McFadden and Sears 1944; Sears 1956) as involved
in the phylogenesis of emmer wheats, most of the in-
vestigations carried out up to now have centred on the
hypothesis that degilops speltoides, or a closely re-
lated species, is the donor of the B genome. The evi-
dence supporting the role of 4e.speltoides in the phy-
logenesis of emmer wheats is based upon spikelet and
chromosome morphology, meiotic chromosome pair-
ing, nuclear DNA content, acidic phosphatase electro-
phoretic patterns and geographical distribution pat-
terns (Jenkins 1929; Pathak 1940; Riley et al. 1958;
Rees 1963; Giorgi and Bozzini 1969; Jaaska 1971).
However, the value of some of this data has been
questioned by Sears (1969), and cytogenetical, bio-
chemical and morphological evidence against the role
of Ae.speltoides has been reported (Kihara and Ya-
mashita 1956; Sears 1956; Kimber 1966; Riley and
Chapman 1966 ; Johnson and Kimber 1967; Bozzini

et al.1970; Athwal and Kimber 1972; Dvorak 1972;
Kimber and Athwal 1972). Recently, Shands and Kim-
ber (1973) suggested that de.speltoides could instead
be the donor of the G genome to Triticum timopheevi.
Because of the difficulties encountered in identifying
an Aegilops species able to fully account for the fea-
tures of the B genome, other possibilities have been
exploited. According to Sarkar and Stebbins (1956),
as well as other authors (Zohary and Feldman 1962;
Giorgi and Bozzini 1969; Kimber and Athwal 1972),
tetraploid wheats may be polyphyletic in origin, that
is, they might have arisen from intercrossing of two
or more amphiploids, each containing the A genome
but with a different degZlops second genome. On the
basis of the differences found among gel-electrophore-
tic patterns of albumins extracted from tetraploid
wheats and a number of Adegilops species, Johnson
(1972) revived for consideration Camara's {(1935) old
hypothesis, according to which tetraploid wheats have
arisen by autoploidy, B as well as A genomes being
derived from diploid wheats. Other biochemical inves-
tigation from this Laboratory on albumin o-amylase
inhibitors indicated however that unidentified Adegilops
species had been involved in the speciation of poly-
ploid wheats (Bedetti et al.1974). In this study, in
fact, no o-amylase inhibitory activity was detected in
Triticum boeoticum and its domesticated derivative
Triticwn monococcun, whereas all the Aegilops species

tested contained albumin amylase inhibitors. Subse-
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quently, Johnson (1975) identified Triticun urartu as
the species which contributed the B genome to em-
mer wheats, although Konarev et al. (1974) had con-
cluded from their immunochemical studies on gliadins
that 7.urartu contributed the A genome to emmer
wheats.

As Johnson's investigations were mainly based on
the analysis of albumin fractions, and wheat amylase
inhibitors make up as much as two-thirds of wheat al-
bumins (Petrucci et al.1974), we have considered
it worthwhile to carry out further investigations on
albumin ampylase inhibitors to clarify the nature of the
B genome donor species. We compared the amylase
inhibitor composition of a number of 4degilops and
Triticum species including T.urartu. We also intended
to gather further information on these naturally oc-
curring inhibitors which, up to now, have been studied
at molecular and structural levels majnly in Triticum
aestivum (Feillet and Nimmo 1970; Shainkin and Birk
1970; Sodini et al.1970; Cantagalli et al.1971; Saun-
ders and Lang 1973; Silano et al.1973; Petrucci
et al. 1974; Buonocore et al.1975; Redman 1975; Si-
lano et al. 1975; Deponte et al. 1976; Petrucci et al.
1976 ; Buonocore et al. 1976).

Materials and Methods

Extraction of ¢-amylase inhibitors was carried out
with distilled water on 13-20 seeds of each species
tested after embryo removal, according to Bedetti
et al.(1974). Water extracts were submitted to gel
filiration on a Sephadex G-100 column as previously
described (Bedetti et aql.1974) and apparent mole-
cular weights of the eluted inhibitor fractions were
calculated from the corresponding retention volumes
according to Andrews (1964). Inhibitory activity of
the column eluate towards human salivary and
Tenebrio molitor L. (yellow mealworm) o-amylases
was determined continuously as previously described
(Vittozzi et al.1976). Amylase inhibition was ex-
pressed as arbitrary inhibition units. One inhibition
unit represents the inhibitor amount that gives 30%
inhibition of the amount of amylase producing 0.3 ueq
maltose under described experimental conditions (Vit-
tozzi et al.1976).

Results

Water extracts obtained according to Bedetti et aZ.
(1974) from seeds of a number of Triticum and
Aegilops species were submitted to gel filtration on
a Sephadex G-100 column and the eluates were as-
sayed for inhibitory activity towards human salivary

and T.molitor o-amylases. Retention volumes and ap-

parent molecular weights of the inhibitor peaks obtai-
ned are shown in Figs.1 and 2.

One inhibitor peak (molecular weight 22000) ac-
tive towards both the mammalian and insect amylases
was present in the elution profile of T.urartu, where-
as no amylase inhibitory activity was detected in
T.monocoecun, T.boeoticum or T.thaoudar. This result
compares well with those previously reported by
Johnson (1975), who showed that T.urartu contains
albumin fractions absent from T.boecticum and
mMonococewn.

The amylase inhibitor pattern of T.urartu was
identical to that of Aegilops mutica, but the two tetra-
ploid wheats tested (Triticun turgidum and Triticum
timopheevi) contained a much higher number of inhi-
bitor peaks. In addition to the three inhibitor peaks
found in 7. turgidum, T.timopheevi showed an inhibi-
tor peak with molecular weight 44000, active towards
the two amylases, which was present in 4e.speltoides
and absent from all the other 4egilops species tested.
As already established with the manual amylase as-
say (Bedetti et al.1974), 7. turgidum showed an in-
hibitor composition qualitatively identical to that of

T. aestivum.

Regardless of the similarity of their genomes, the
seven diploid Aegilops species tested showed very
different inhibitor compositions (Figs.1 and 2). From
a qualitative standpoint, only Aegilops longissima
showed an inhibitor pattern identical to that of
T. turgidum. This result is in agreement with those of
Johnson (1972), who found that the albumin electro-
phoretic pattern of de. longissima was substantially
represented in the profiles of tetraploid wheats. More-
over, the amylase inhibitor pattern of T.turgidum can
be obtained by adding that of T.urartu to that of Ae.
umbellulata, or by combining more than two inhibitor

patterns of Figs.1 or 2.

As appears from Figs.1 and 2, the ratios of inhib-
itory activities towards human salivary and T.molitor
o-amylases of inhibitor peaks with identical molecular
weights vary to a large extent with the species tested.
A possible explanation for this result might be that
these inhibitor peaks contain different amounts of in-
hibitor components with different activities, towards
the two amylases. Such a heterogeneity has already
been shown for inhibitor peaks from T.turgidun and
T.aestivum (Silano et al.1973; Bedetti et al.1974;
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Fig.1. Gel filtration patterns on Sephadex G-100 of Tenebrio molitor L. a-amylase
inhibitors from Triticum and Aegilops species. About 2ml of water extract were
applied on a Sephadex G-100 column (2cm X 100cm), eluted with phosphate buffer
(pH 7.4) and assayed for inhibitory activity as previously described (Vittozzi et al.

1976)

Petrucci et al.1974; Deponte et ql.1976), as well
as for those from Ade. speltoides and Ae.squarrosa (Be-
detti et al.1974).

Discussion

As shown in Table 1, which summarizes the results
of Figs.1 and 2, with this study on seven Adegilops
and seven Triticum species, we have detected five
inhibitor types differing in their molecular weights
or in their specificities towards human salivary and
T.molitor o-amylases. The presence of different in-

hibitor types is a property common to both the

Aegilops and Triticum genus, butno species was found
to contain all the five inhibitor types.

When diploid Aegilops and Triticum species are
compared, it appears that the frequency of o-amylase
inhibitor peaks is much higher in the Adegilops genus
than in Triticum. In fact, among Triticum diploid spe-
cies only T.urartu contained ow-ampylase inhibitors.
Moreover, T.urartu only exhibited the 22000 inhibitor
peak that was also present in the degilops species
tested, except for de.umbellulata and Ae.speltoides.
The presence of this peak in T,urartu might indicate
that some transfer of o¢-amylase inhibitor coding genes

has occurred from 4egilops species to diploid Triticun
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Fig.2. Gel filtration patterns on Sephadex G-100 of human salivary o«-amylase in-
hibitors from Triticum and Aegilops species. About 2ml of water extract were ap-
plied on a Sephadex G-100 column (2cm X 100cm), eluted with phosphate buffer
(pH 7.4) and assayed for inhibitory activity as previously described (Vittozzi et al.

1976)

species. The correspondence of the molecular weights
of the inhibitor peaks obtained from different diploid
Aegilops species suggests that these peaks all derive
from common ancestral genes. Further investigations
are needed to show whether, as observed in T. aestivun
(Deponte et al.1976), the inhibitor peaks with higher
molecular weights in the Aegilops species are com-
posed of subunits with molecular weight 11000. If this
is the case, the appearance or disappearance of an in-
hibitor peak might even be the result of a relatively
simple mutation capable of affecting polymerization
properties of the basic peptide units of the amylase
inhibitors. Therefore, the five inhibitor types of

Table 1 might derive from a very limited number of

ancestral genes coding for 11000 peptide units and
the observed distributions of the inhibitor peaks in
diploid 4degilops species might indicate a duplication
of these ancestral genes followed by divergence of
duplicated genes through mutation.

Although the classification of species belonging
to related genera has so far been mainly based upon
cytological and morphological methods, there is in-
creasing evidence as to the value of biochemical cri-
teria, such as the additiveness of parental protein
patterns, to establish evolutionary relationships
among Triticinae species (Johnson and Hall 1965; John-
son 1967; Waines 1969; Williams 1971; Bedetti et al.

1974). Therefore, from our results, some conclusions
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Table 1. Properties and presence frequency of o-amylase inhibitors from Triticum and Aegilops genera

Activity towards

Molecular weight

Range of ratios of
inhibitory activity

Presence frequency *

of inhibitor human salivary T.molitor towards human sali=  in degilops in Triticum
fraction amylase amylase vary amylase to T. genus genus
molitor amylase

12,000 - + 0.0 4/7 3/7

12,000 + + 0.2 - 2.0 2/7 0/7

24,000 + + 2.0 - 5.5 6/7 a/7
44,000 + + 2.0 - 4.0 1/7 1/7
60.000 + + 0.9 -6.0 3/7 3/7

* The seven species of each genus tested are those indicated in Fig.1

+ indicates inhibition;
- indicates no inhibition.

about the phylogenesis of tetraploid wheats may be
drawn. In general, tetraploid Triticum species
(turgidum and timopheevi) exhibited amylase inhibitor
patterns of higher complexity than diploid Triticum
and Aegilops species, suggesting that different degilops
diploid species could have contributed inhibitor coding
genes to tetraploid wheats. Such a mixed contribution
might have occurred through repeated hybridization
among different Triticum X Aegilops amphiploids in
agreement with the polyphyletic origin of polyploid
wheats suggested by Sarkar and Stebbins (1956). The
conclusion of Giorgi and Bozzini (1969) is of interest
here, according to which an exchange of chromosome
segments between homoeologous chromosomes in hy-
brids or amphiploids, before the occurrence of the
mutation restricting the pairing to homologous chro-
mosomes, probably played an essential role in wheat
speciation. Therefore, in our opinion, the hypothesis
of polyphyletic origin of polyploid wheats (Sarkar and
Stebbins 1956) should be thoroughly investigated with
other methods. In particular, the presence in

T. timopheevi of the 44000 inhibitor peak, peculiar to
Ae. speltoides,points to the importance of this Aegilops
species in the speciation of T. timopheevi, thus confirm-
ing the hypothesis of Shands and Kimber (1973). On
the other hand, the presence in this tetraploid wheat
of other inhibitor peaks absent in Ade.speltoides clear-
ly indicates that other Aegilops species, possibly
closely related to those involved in the phylogenesis
of emmer wheats, may have contributed to the spe-
ciation of T.timopheevi. Moreover, our results are
not in agreement with Johnson's (1975) identification
of T.urartu as the B genome donor species to

T. turgidunm, and instead indicate a possible role of

Ae, longissima in the speciation of emmer wheats.

Acknowledgements

We are indebted to Dr. A. Bozzini, Chief of Crop and
Grassland Production Service, Division AGP, FAO,
for supplying the Triticum and Aegilops samples
studied in this paper. Moreover, we would like to
thank Dr. A. Bogzzini for his stimulating advice and
support.

Literature

Andreas, P.: Bstimationof the molecular weights of
proteins by Sephadex gel-filtration. Biochem. J.
91, 222-233 (1964)

Athwal, R.S.; Kimber, G.: The pairing of an alien
chromosome with homoeologous chromosomes of
wheat. Can. J. Genet. Cytol. 14, 325-333 (1972)

Bedetti, C.; Bozzini, A.; Silano, V.; Vittozzi, L.:
Amylase protein inhibitors and the role of 4egilops
species in polyploid wheat speciation. Biochim.
Biophys. Acta 362, 299-307 (1974)

Bozzini, A.; Cantagalli, P.; Piazzi, S.E.; Sordi, S.:
An immunochemical approach to species relation-
ship in Triticum and some related species.
Theoret. Appl. Genet. 40, 300-304 (1970)

Buonocore, V.; Poerio, E.; Gramenzi, F.; Silano,
V.: Affinity column purification of amylase on
protein inhibitors from whole wheat kernel. J.
Chromatog. 114, 109-114 (1975)

Buonocore, V.; Poerio, E.; Pace, W.; Petrucci, T.;
Silano, V.; Tomasi, M.: Interaction of Tenebrio
molitor L. o-amylase with a wheat flour protein
inhibitor coded 0.19. FEBS Letters, in press

Camara, A.: Efeitos dos rajos-x nos chromosomas
do Triticun monococcum. Lisbon Instituto Superior
de Agronomia, Anais 7, 29-61 (1935)

Cantagalli, P.; Di Giorgio, G.; Morisi, G.; Pocchi-
ari, F.; Silano, V.: Purification and properties
of three albumins from Triticum aestivum seeds.
J. Sci. Food. Agr. 22, 256-259 (1971)

Deponte, R.; Parlamenti, R.; Petrucci, T.; Silano,
V.; Tomasi, M.: Albumin ¢-amylase inhibitor
families from wheat flour. Cereal Chem. (1976)
in press

Dvorak, J.: Genetic variability in degilops speltoides
affecting homoeologous pairing in wheat. Can. J.
Genet. Cytol. 14, 371-380 (1972)

Feillet, P.; Nimmo, C.C.: Soluble proteins from
wheat. III. Isolation and characterization of two
albumins, ALB 13A and ALB 13B, from flour.
Cereal Chem. 47, 447-464 (1970)



284

Giorgi, B.; Bozzini, A.: Karyotype analysis in
Triticum: IV. Analysis of (degilops speltoides X
Triticum boeoticum)amphiploid and a hypothesis
on the evolution of tetraploid wheats. Caryologia
22, 289-306 (1969)

Jaaska, V.: Phylogenetic differentiation of tetraploid
wheats. Eesti NSV Ta Toimet., Biol. 20, 202 (1971)

Jenkins, J.A.: Chromosome homologies in wheat and
Aegilops. Am.J.Bot. 16, 238-245 (1929)

Johnson, B.L.: Confirmation of the genome donors of
degilops cylindrica. Nature 216, 859-862 (1967)

Johnson, B.L.: Protein electrophoretic profiles and
the origin of the B genome of wheat. Proc. Nat.
Acad. Sci. USA 69, 1398-1402 (1972)

Johnson, B.L.: Identification of the apparent B gen-
ome donor of wheat. Can. J. Genet. Cytol. 17,
21-39 (1975)

Johnson, B.L.; Hall, O.: Analysis of phylogenetic
affinities in the Triticinae by protein electrophore-
sis. Am. J. Bot. 52, 506-513 (1965)

Johnson, R.; Kimber, G.: Homoeologous pairing of
a chromosome from Agropyron elongantum with
those of Triticwn aestivum and degilops speltoides.
Genet. Res. 10, 63-71 (1967)

Kihara, H.; Yamashita, K.: Wheat and its relatives.
Wheat Inform. Serv. 4, 16-24 (1956)

Kimber, G.: Estimate of the number of genes involved
in the genetic suppression of the cytological diploid-
isation of wheat. Nature 212, 317-318 (1966)

Kimber, G.: The relationships of the S genome di-
ploids to polyploid wheats. Proc. 4*" Int. Wheat
Genet. Symp. 81-85 (1973)

Kimber, G.; Athwal, R.S.: A reassessment of the
course of evolution in wheat. Proc. Nat. Acad.
Sci. USA 69, 912-915 (1972)

Konarev, A.V.; Gavrilyuk, I.P.; Migushova, E.F.:
Differentiation of diploid wheat according to the
data of immunochemical analysis of gliadin. Lec-
tures of the All-Union Order of Lenin of the V.I.
Lenin Acad. Agric. Sci. 6, 12 (1974)

McFadden, E.S.; Sears, E.R.: The artificial synthe-
sis of Triticum spelta. Records Genet. Soc. Am.
13, 26-27 (1944) (Abst.)

Pathak, G.N.: Studies in the cytology of cereals. J.
Genet. 39, 437-467 (1940)

Petrucci, T.; Rab, A.; Tomasi, M. ; Silano, V.:
Further characterization studies of the 0.19 amy-~
lase protein inhibitor from the wheat kernel. Bio-
chim. Biophys. Acta 420, 288-297 (1976)

Petrucci, T.; Tomasi, M.; Cantagalli, P.; Silano,
V.: Comparison of wheat albumin inhibitors of
o-amylase and trypsin. Phytochemistry 13, 2487~
2495 (1974)

Received May 4, 1976
Communicated by H. Stubbe

L. Vittozzi and V. Silano: Phylogenesis of Amylase Protein Inhibitors

Redman, D.G.: Structural studies on wheat (Triticun
aestivum) proteins lacking phenylalanine and his-
tidine residues. Biochem. J. 149, 725-732 (1975)

Rees, H.: Deoxyribonucleic acid and the ancestry of
wheat. Nature 198, 108-109 (1963)

Riley, R.; Chapman, V.: Estimates of the homoelogy
of wheat chromosomes by measurements of differ-
ential affinity at meiosis. In: Chromosome Mani-
pulations and Plant Genetics (Riley, R. and Le-
wis, K.R. eds.), pp. 59-85. Edinburgh: Oliver
and Boyd 1966

Riley, R.; Unrau, J.; Chapman, V.: Evidence on the
origin of the B genome of wheat. J. Hered. 49,
90-98 (1958) -

Sarkar, P.; Stebbins, G.L.: Morphological evidence
concerning the origin of the B genome in wheat.
Am. J. Bot. 43, 297-304 (19586)

Saunders, R.M. j Lang, J.A.: Alpha-amylase inhibi-
tors in Triticum aestivum: purification and physi-
cal-chemical properties. Phytochemistry 12, 1237~
1241 (1973)

Sears, E.R.: The B genome of Triticum. Wheat In-
form. Serv. 4, 8-10 (1956)

Sears, E.R.: Wheat cytogenetics. Ann. Rev. Genet.
3, 451-468 (1969)

Shainkin, R.; Birk, Y.: Alpha-amylase inhibitors
from wheat: isolation and characterization. Bio-
chim. Biophys. Acta 221, 502-513 (1970)

Shands, H.L.; Kimber, G.: Reallocation of the gen-
omes of Triticum timopheevi Zhuk. Proc. 4" Int.
Wheat Genet. Symp. 101-108 (1973)

Silano, V.; Furia, L.; Gianfreda, L.; Macri, A.;
Palescandolo, R.; Rab, A.; Scardi, V., Stella,
E.; Valfré, F.: Inhibition of amylases from dif-
ferent origins by albumins from wheat kernel.
Biochim. Biophys. Acta 391, 170-178 (1975)

Silano, V.; Pocchiari, F.; Kasarda, D.D.: Physical
characterization of e-amylase inhibitors from
wheat. Biochim. Biophys. Acta 317, 139-148 (1973)

Sodini, G.; Silano, V.; De Agazio, M. ; Pocchiari,
F.; Tentori, L.; Vivaldi, G.: Purification and
properties of a Triticum aestivum specific albumin.
Phytochemistry 9, 1167-1172 (1970)

Vittozzi, L.; Morisi, G.; Silano, V.: Continuous au-
tomated assay of o~amylase inhibitors. J. Sci. Food
Agric. 27, 449-453 (1976)

Waines, J.G.: Electrophoretic-systematic studies in
Aegilops. Ph.D. thesis, University of California,
Riverside, Calif. (1969)

Williams, D.B.: Protein heterogeneity and polyploid
evolution in Aegilops L. Ph.D. thesis, University
of California, Riverside, Calif. (1971)

Zohary, D.; Feldman, M.: Hybridization between
amphidiploids and the evolution of polyploids in the
wheat (4degilops—-Triticum) group. Evolution 16, 44-
61 (1962)

L. Vittozzi

V. Silano

Laboratori di Chimica Biologica
Istituto Superiore di Sanita
Viale Regina Elena 299

00161 Roma (Italy)



