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INHERITANCE AND GENETIC POLYMORPHISM OF BETA-AMYLASE
FROM RYE (SECALE CEREALE 1..) ENDOSPERM!
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Summary. The inheritance of beta-amylase isoenzymes separated by polyacryl-
amide gel electrophoresis technique was studied using conventional genetic analysis.
Results of the studies support the hypothesis that the enzyme is ecded by two strongly
Iinked genes with five (f-Amyl) or two (f-Amy2) codominant and recessive null alleles,
which are inherited indcpendently of the genes controlling the composition of alpha-
-amylases. Ten rye varieties were found to have a significant frequeney of null alleles
and a high degree of heterozygosity., The genotype distribution generally agreed with
the Hardy-Weinberg equilibrium prineiple.

Beta-amylase from rye endosperm is an enzyme showing significant polymorphism
(Buschbeck, Wilp 1982). A set of isoenzymatic forms changes in the course of
both maturation and seed germination (Masoj¢ 1984). During 5 -7 days after
the seeds were allowed to germinate it is possible, using polyacrylamide gel electro-
phoresis, to separate beta-amylase into 7 intensive bands, five of which, faster
migrating (1 - 5), form the first zone of the zvmogram, and two slower ones (7 and 9)
form the second zone of that zymogram (Lapinski, Masojé 1983). As shown
by the analysis of inbred lines, in a hcmozygous state there occurs at most a single
intensive band in each zone. Homozygotes with one, rarely two bands or those
showing no bands (null phenotype) are encountered among lines. The lack
of beta-anylase activity in rye grain was also found by other authors (Daussant
et al. 1981). The genetic basis of polymorphism of beta-amylase from rye endosperm
is unknown. It has been only established that the enzyme is controlled by the
chromosome 5R (Artyomova 1982, Schmidt et al. 1984). Observations on the
variation of beta-amylase composition in inbred lines, like in rye cultivars (Masojé
Lapinski 1984), suggest that bands of the zymogram first zone are alloenzymes
coded by one gene, whereas bands of the second zone are coded by another gene.

The purpose of the present paper was to verify the above hypothesis using
conventional genetic analysis.

* Received for publication: September, 1986. The work was performed under Problem
MR II/7 coordinated by the Polish Academy of Sciences.
2 Dr. Present address: ul. Slowackiego 17, 71 - 434 Szczecin, Poland.
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MATERIAL AND METHODS

The studying material consisted of 16 inbred lines, internally homogeneous
with respect to beta-amylases, and 10 cultivars and strains of winter rye. As a result
of a controlled crossing of lines 12 Fybrids of F, and F, generations were obtained.

Amylases were extracted from the endosperm of grains germinating for 5 days
at a room temperature. The amylases were electrophoretically separated in 59
polyacrylamide gel added with 0.125%, soluble starch. Details of gel extraction,
electrophoresis and staining methods were given earlier (Lapinski, Masojé
1983). The beta-amylase isoenzymes were identified with the use of a f-limit dextrin
substrate.

A genetic analysis of inter-line F, hybrids was performed using the y2-test
(Sokal, Rohlf 1969), whereas the frequency of alieles occurring in rye cultivars
were determined by the gene counting method (Elandt-Johnson 1971). Hetero-
zygosity was estimated by the method of Nei (Nei, Roychoudhury 1973).

RESULTS AND DISCUSSION

Out of the lines used for the studies 14 displayed single-banded phenotype
(band 1, 2, 3, 4, 5 or 7), one — double-banded (2 and 9) phenotype and one — null
phenotype (Fig. 1). In the zymograms representing the F; generation, bands of
the maternal origin were more intensive than bands introduced by the paternal
line, which may be explained by the gene dosage effect. Double-banded phenotype
of the heterozygote indicate that beta-amylases active in the endosperm of germin-
ating grains have a monomeric structure.

Table 1 shows phenotypic segregations observed in the F, progenies and their
agreement with the expected values on the assumption of monogenic inheritance.
In the hybrids derived from the crosses between the lines showing the presence

Table 1. Segregation ratios of beta-amylase isoenzvmes from rye endosperin in 7, progenies of
inter-line hybrids

Hybrid ‘_I’alfental phenotypes i Number of phenotypes ¥ 1:2:1 P
No. | A B \ A AB B Total or 3:1
1 | band No.: 1 band No.: 2 130 292 125 547 | 2.59 0.20 - 0.30
2 ' 1 3 39 79 37 155 ! 0.11 0.90 - 0.95
3 i 2 3 119 291 131 541 l 3.64 0.10 - 0.20
4 ! 5 1 57 104 51 212 ! 0.42 0.80 - 0.90
5 i 3 5 9 36 15 60 ! 3.60 0.10 - 0.20
6 4 5 64 151 83 298 : 2.48 0.20 - 0.30
7 J 2 5 80 179 73 332 i 2.33 0.30 - 0.50
8 1 7 9 39 101 51 191 2.14 0.30 - 0.50
9 ‘ 1 nali 240 - 9 334 ' 1.20 0.20 - 0.30
1e¢ ! 2 null 152 - 39 191 [ 1.91 0.10 - 0.20
11 | 9 nuil 252 - 80 332 ‘ 0.10 0.70 - 0.80
12 i 7 5 47 102 51 200 | 0.24 0.80 - 0.90
13 5 2.9 80 179 73 332 | 2.33 0.30 - 0.50
14 | 7 2.9 39 101 51 194 | 2,14 0.30 - 0.50
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Fig. 1. The f-amylase zygomrams showing one double- (a) and six single-banded (b-g) homo-

zygous phenotypes of the parental lines (A) and the segregation of bands 1 and 3 in the F,

progeny of an inter line hybrid (B). The g-amylase isozymes are sometimes accompanied by
faint secondary bands



Table 2. Independent segregation of alpha- and beta-amylase genes in F, and BC, progenies of inter-line hybrids

Number of genotypes

! P1i4i1:2:2:20

Pair of loci i Typeof — . - ‘ il P
data a/aB/B AaBib . A/Ab/b j AaBib | a/aB/b | A!/AB/Db Aab/b ajab/b | A/AB/B \ orl:1:1:1

wAmyZ — f-Amyl | F, 1+ 62 | 16 R TR 20 1 30 12 12 o 2,10 0.95 - 0.93
a-Amyl — f-Amyl | B, - | 36 ‘ 31 ! - i — 32 \ 33 - i — 0.42 0.90 - 0.95
@-Amy2 — f-Amyl | BC, | - o2 15 - ! - 2 17 — - : 3.02 0.30 - 0.50
o-ADW3 - f-Amyl F, 20 | 114 ioer i 58 I 14 53 ! 52 23 | 26 j 3.31 0.90 - 0.95
wAmys — fAmyl | BC, | - 1\ - 9 | 52 - - 0.40 0.90 - 0.95

o1 T | 20 | 35 |30 46 | 34 14 i 18 | 5.46 0.50 - 0.70

M-z-Amy — f-Amyl | F,
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of a single band from the first zone (position 1 - 7) or from the second (position 8)
the phenotypes segregated in the ratio consistent with 1:2: 1 expectation for a
single locus with two codominant alleles. When one of the parental lines showed
no activity of beta-amylase (position 9-11), the segregation of a single-banded
and null phenotypes observed in the F, progeny was not significantly different
from the 3 : 1 ratio. These data suggest that isoenzymes of the first zone are products
of five alleles of a single gene. The alleles were designated f-Amyl! — f-Amyl5
according to the band numbers. The allele responsible for the lack of band in the
first zone was assigned the symbol f-Amy1¥. Isoenzymes of the second zone may be
recognized to be allelic forms of the second gene. Its 3 alleles, coding bands 7, 9
and the lack of band in the second zone are proposed to be designated f-Ainy2!?
B-Amy2? and f-Amy2¥, respectively.

Three last positions in Table 1 present a simultaneous segregation of isoenzymes
from the first and second zones. Among 723 grains of the F, generation no pheno-
types, indicative of f-Amyl and f-Amy2 gene recombinations, were found. That
may mean that these genes are located at two strongly linked loci or form a compound
locus, like some genes of esterases (Wehling, Schmidt-Stohn 1984) and per-
oxidases (Garcia et al. 1982) in rye or like genes of beta-amylases in wheat (Ains-
worth et al. 1983).

The electrophoresis method used in the present work make possible the
obtaining of the pattern of both beta- and alpha-amylases on a single gel. The
genetic analysis of alpha-amylase composition (Masojé — 1987) permitted to
distinguish three linked structural genes designated a-Amyl, a-Amy2, a-Amy3
and an independent locus of the modifying M-a-Amy gene. Table 2 presents segre-
gation of alpha- and beta-amylase genes in the F, progenies of inter-line hybrids.
The observed segregation ratios indicate that the inheritance of these genes is inde-
pendent, which agrees with the data of Schlegel and Mettin (1985).

Earlier studies (Masojé, Lapinski 1984) showed that population cultivars
are polymorphic to a high degree with regard to beta-amylase composition. In the
rye grain, depending on the cultivar, the most frequently encountered are the
alleles f-Amy1¥ (Wiatka, Donar), f-Amy1! (Ponsi, Animo, Halo), 8-Amy12 (Otello,

Table 3. Frequencies of beta-amylase alleles and heterozygosity (h) in rye cultivars

. Alleles of f-Amyl i Alleles of f-Amy2 |

Cultivar = 1 P 3 n 5 I Dy amysy 5 1 2 " Dig-amysy
Qtello 10.298  0.113 0.528 0.059 0.002 0.000 i 0.617 10.655 0.232 0.113 | 0.505
Petkus 1035 i0.303 0,195 0.359 0.036 0.005 0.102 i 0.731 0.584 0.359 0.107 0.576
Donar [ 0.318 0.183 0.290 0.071 0.015 0.123 ' 0.763 10.589 0.149 0.262 0.564
Ponsj £0.297 0.323 0.086 0.174 0.094 0.026 10,762 0.742 0.165 0.093 0.415
Kungs IX r0.276 0.187 0.406 0.033 0.020 0.078 o718 i0.717 0.219 0.064 0.435
Sv 6970 0.208 0.077 0.521 0.118 0.020 0.056 ; 0.664 0.819 0.167 0.014 0.302
Dankowskie ] : :

Ziote 1 0.267 0.23¢ 0.081 0.287 0.049  0.080 ] 0.777 E0.676 0173  0.151 0401
Animo ; 0.003 0.605 0.004 0.345 0.010 0.033 | 0.486 i0.878 0.077 0.045 0.222
Halo : 0.324 0.506 0.189 0.184 0.015 0.056 1 0.617 10.687 0.205 0.108 0.475
Wiatka 2 | 0.403 0.306 0.014 0.080 0.162 0.035 E 0.711 50.569 0.398 0.038 0.521




Table 4. Testing for tho Hardy-Weinberg equilibrium principle in rye cultivars at the f-Amyl

Number of phenotypes Degrees of
Cultivar - = x* P
null 1 2 3 4 5 L2 1.3 14 15 23 24 25 34 385 45 freedom

Daiikowskie 1» 24 44 13 77 8 14 18 42 9 15 9 4 3 6 12 2 7 11.04 0.10 - 0.20

Zlote 2r 214 545 15 70,7 86 1+7 11.5 40.6 6.9 11.3 139 24 3. 84 138 23

Halo 1 14 148 6 37 0 13 5 58 1] 14 0 0 0 1 4 [ 2 5.84 0,05 - 0.10
2 16.4 1478 2.8 36 0.2 88 57 559 03 17 2 0 0.6 0.3 6.2 4]

Wiatka 2 1 44 103 ] 21 56 8 2 21 24 5 0 0 4] 3 2 5 3 7.70 0.05 - 0.10
2 48.7 102 3.4 211 47 8.8 2.8 15 29.7 064 0.7 1.4 0.3 7.8 1.7 3.4

Donar 1 20 27 53 14 2 14 23 8 1 10 4 3 20 0 3 0 4 4.58 0.30 - 0.50
2 20.2 30.0 53,7 10.0 2.3 18.7 21.2 5.2 1.1 9.0 8.0 1.7 143 04 35 07

Ponai 1 16 57 19 25 11 5 4 31 14 3 4 5 0 4 0 2 4 14.64 <0.01
2 17.6 69.2 11.7 267 129 31 114 225 121 34 6.0 32 08 65 18 10

& observed number
b expeeted number
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Petkus 1035, Kungs II, Sv 6970) or f-Amyl® (Dankowskie Ztote). The frequency
of B-Amyl4 and B-Amyl? alleles is generally low. All the cultivars exhibit a similar
composition of the alleles of the second beta-amylase gene. The B-Amy2¥N allele
occurs with the highest, and g-Amy2? allele -— with the lowest frequency (Table 3).
Significant frequency of null alleles revealed in rye cultivars is not exceptional.
Such alleles occur equally frequently at the loci of phosphatases or peroxidases
(Perez de la Vega et al. 1982, Perez de la Vega, Allard 1984). Using immuno-
chemical techniques it was shown that the cause of the absence of beta-amylase
activity in the grain of some rye lines was a low level of the protein (Daussant
et al.). It may not, therefore, be excluded that the action of f-Amy1N and f-Amy2¥
alleles consists in inhibiting enzyme production.

Table 5. Testing for the Hardy-Weinberg equilibrium prineiple in rye cultivars at the

f-Amy2
Cultivar —_— Numbor of .Tlt.m,]itypes .| Degrees of x® \ r
null 7 7.9 9 freedom

"Ponsi 1= 109 51 e 20 11 i 000 T 099
28 109.0 53.8 6.1 29.1 ; ‘

Kungs IT 1 99 72 4 20 1 ‘ 054 1 0.25-0.50
2 100.3 70.6 5.4 187 ! [

Petkus 1 59 96 20 20 1 2,89 \ ©.05 - 0,10

1085 2 55.6 99.9 15.0 24.4

Donar 1 72 35 20 71 1 208 | 0.10-025
2 68.7 39.1 15.5 744

8 observed number
b expected number

Heterozygosity of rye cultivars is high and ranges fron1 0.486 (Animo) to 0.777
{Danikowskie Ztote) in the case of the f-Amyl gene and from 0.222 (Animo) to
0.576 (Petkus 1035) in the case of the f-Amy2 gene (Table 3). Such a high frequency
of heterozygotes occurs also at the loci of phospho-glucoso-isomerase and peroxidase
(Perez de la Vega et al. 1982). A significant level of heterozygosity detected at
some enzymatic loci of rye results from the maintenance of a high frequency of
several alleles and is presumably a symptom of adaptational strategy of allogamous
species.

The agreement of the phenotype frequency distribution in a population with the
equation of the Hardy-Weinberg equilibrium principle constitutes an ad-
ditional eriterion of allelism for isoenzymatic forms. Tables 4 and 5 present testing
results of genetic equilibrium in rye cultivars, separately for isoenzymes of the
first and second zones. The revealed phenotype frequencies are generally in agree-
ment with the expected values, which justifies the genctic interpretation accepted
in this paper.
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DZIEDZICZENIE I POLIMORY¥IZM GENETYCZNY BETA-AMYLAZY Z BIELMA
ZYTA (SECALE CEREALE L.)

Streszczenie

Badano sposéb dziedziczenia izocnzymdéw beta-amylazy, rozdzielonych technikg clektro-
forezy w zelu poliakrylamidowym. Wyniki badan potwierdzaja hipoteze, Ze enzym jest kodo-
wany przez. dwa silnie sprzezone geny z piecioma (f-Amyl), lub dwoma (f-Amy2) kodominu-
jacymi oraz recesywnymi allelami null, ktére dziedzieza sie niezaleznie od genéw kontroluja-
cych sklad alfa-amylaz. U dziesieciu odmian zyta stwierdzono znaczng czesto$é alleli null oraz
wysoki stopienn heterozygotyeznosei. Rozklad genotypéw byt na ogél zgodny z zasadg réwno-
wagl Hardy-Weinberga,
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HACJIEAOBAHVE Y TEHETUYECKWI ITOJIUMOP®U3M BETA-AMUJIA3BI U3
SHAOCIIEPMbBI PXU (SECALE CEREALE L.)

Pezrome

Hicnoansys METOAbI OOLIMHOTO IEHETHUYECKOTO aHalli3a, MCCACAOBAJICA CNOCO6 HACNCAOBAHUS W30~
depmenTos OeTa-aMuIa3bl, pa3ACNEEMbIX TEXHHKOM 3EKTpodopesa B MONHakpuIamMuaHom rene. Pe-
3yNLTAaThl MCCACAOBAHUN TOATBEPKAAIOT CUIOTEY, YTO (PEPMEHT KOAMPYCTCS JIBYMS| T€HAMH, CHIIGHO
CUeNNEHHLIMY ¢ TATBIO (f-Amy 1) nnin asymst (- Amy 2) KOZOMHUHHPYIOUIMMH I C PEUECCHBHLIMM aJlIENSIMH
null, KOTOpHE HACIEAYIOTCS HE3ABUCHMO OT I'€HOB, KCHTPORUPYIOLIMX COCTAB albda-amuiias. ¥ 10 coptos
px¥ 0GHApYKEHO BBICOKYIO 4acCTOTy ajjenei null, a Takxke BbICOKYIO CTEleHb METEPOIHrOTHOCTH. Pac-
TIpE/ICJICHUE FEHOTUNOB B OOLIEM COOTBETCTBOBANO paBHOBECHIO Xapauw-Baitnbepra.



