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AN ATTEMPT TO DETERMINE LINKAGES BETWEEN GENES CONTROL-
LING SOME QUANTITATIVE TRAITS IN RYE (SECALE CEREALE L.)

T. RUEBENBAUER, I,. KUBARA-SZPUNAR, S. KALETA, K. PAJTAK?

Chair of Crop Production, University of Agriculture, Krakow

Summary. The method of determination of linkages between genes controlling
guantitative traits using correlation methods was proposed and tested on the results of
segregations in five hyheid populations of F,, originating from crossing homozygous
inbred lines of rye. Differences in the correlation coefficients between four quantitative
traits (straw length, spike length, spikclet number per spike and 1000-seed weight)
for {ive hybrid populations made it possible to estimate distance of individual genes on the
chromosome.

In two previous papers the authors confined themselves to determination of
possible linkages between such quantitative traits, as coloration of the auricies,
ligule and nodes in rve (Ruebenbauer et al. 1986), as well as pubescence under
the spike and ligule shape, and the remaining quauntitative traits inherited imper-
ceptibly (Rucbenbauer et al. 1987). In the present paper attention was paid
to the possibilities of studying linkages between genes controlling quantitative traits,
such as plant height, spike fength, spikelet number per spike and 1000-seed weight.

MATERIAL AND METHODS

The detection of the size of linkages between genes controlling quantitative
traits, showing the distance of genes from one another on the chromosome, is less
accurate, the larger is the modifying variation influencing their size. If not the
modifying variation, the size of linked quantitative traits would undergo discrimin-
ating segregations and the number of recombinants would show the degree of
linkage.

The subject of this work were results of measurements of four quantitative
traits: straw length, spike length, spikelet number per spike and 1000-seed weight,
performed on single plants of the second generation of five different interlinear
hybrids of rye. The lines used for crossings were established homozygotes (2554
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generation of inbreeding), which was shown by both morphological observations
and studies of antigens and isozymes conducted at the Institute of Plant Genetics,
Polish Academy of Sciences in Poznan. The initial material of that kind provides
a uniform progeny in the F, generation and segregations of one type in the F,
generation, which permitted a precise interpretaticn of the segregation results with
the aim to deterinine the degree of linkage.

Assuming the existence of the absolute linkage between the genes 4 and B
and genes « and b (cis linkage), one can find the lack of recombinants with the
phenotvpes 4b and aB. Attributing the increase of the trait on the x-axis to the
action of the dominant A genes and the increase of the trait on the y-axis to the
action of the dominant B genes, we can find that in the correlation table individual
points for the phenotypes ab will be arranged in the left corner of the table, while
the values for the phenotypes 4B will be in the upper right corner. The correlation
coefficient calculated for such a case will take the value of r=--1. But if the 4 and B
genes as well as @ and b genes are not interlinked, we have to deal with a free segre-
gation of phenotypes in the ratio 94B : 3aB : 34b : lab. That way of segregations
presentted in the table gives distribution of points in 4 corners of the table, and the
calculated correlation coefficient » will be equal to 0.

In the case of the “trans” type linkage (4 and b as well as @ and B) a positive
sign will be replaced by a negative one. However, determination of the gene distance
on the chromosomes in comparison with, the ‘“cis” type linkage presents larger
difficulties which result from significantly smaller dlfferences in the number of in-

dividual groups of phenotypes characteristic of limiting states corresponding to’

Table 1. Theoretical values of correlation coefficients at various degrees of the ‘‘cis’ type
linkage (in morgans) and numbers of interacting unlinked genes

Link 1 i 2 | 3 | 4 ! 5
in lrﬁo:gg:ns oy ey Tl ‘ Fay il |t @ E Tiy  Zols [ oy Zibh
Tzy  Tol1 ) Tzy  Tiifa | Tzy Zats
o 5 0.9342 | 0.8792 0.8248 1 0.6707 i 0.5454 0.8550
10 0.8700 \ 0.7786 [ 0.6920 | 0.5026 ! 0.3650 ! 0.2144
15 | 0.8075 | 0.6926 \ 0.5878 | 0.3970 | 0.2680 0.1502
20 i 0.7467 | 0.6179 0.5087 | 0.3233 f 0.2074 1 0.1131
25 : 0.6875 | 0.5519 1 0.4345 0.2685 : 0.1659 0.0889
30 0.6300 : 0.4929 | 0.3764 0.2260 | 0.1356 | 0.0718
35 0.5742 0.4308 | 0.3270 01919 | 01126 | 0.0590
40 0.5200 | 0.3916 | 0.2844 0.1639 | 0.0948 0.0492
45 0.4675 | 0.3474 i 0.2474 ! 0.1404 [ 0.0796 0.0413
50 0.4167 ! 0.3069 0.2149 | 0.1205 0.0675 0.0348
b5 0.3675 l 0.2695 5 0.1861 ‘ 0.1033 t 0.0573 0.0295
60 i 03200 | 0.2349 0.1605 0.0884 i 0.0486 0.0249
65 % 02742 | 0.2027 ‘ 0.1376 0.0753 | 0.0411 0.0211
70 0.2300 ! 0.1727 ¢ 0.1169 0.0637 0.0346 0.0177
75 | 0.1875 | 0.1448 | 0.0983 0.0534 : 0.0289 0.0148
80 | 0.1467 0.1137 i 0.0814 | 0.0441 i 0.0239 0.0122
85 ] 0.1075 : 0.0942 | 0.0660 0.0358 ’ 0.0194 0.0099
90 0.0700 | 0.0714 0.0520 ; 0.0284 | 0.0118 0.0078
. 9 ! 0.0342 | 0.0501 { 0.0392 ! 0.0216 | 0.0085 0.0060

, ¥ without figures mean linked gencs
'z, ¥ with figures mean unlinked genes
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Table 2. A comparison of empirical correlation cocfficients with theoretical values taking
into account the numbers of unlinked interacting genes in rye

Hybrids between cultivars

‘Jtogalh’lskie ¥, Uniwersalne } Kazimierskie ) Kazimierskie | Wloszanowskie

Correlation ! } 145 H ‘ Cy ’ C Linkage
coeflicient | x P ; x \ X X in morgans
! Dankowskie | Zeclandzkie Ii | Zeclandzkic Il | Zeclandzkie E | Zeelandzkie E |
$231 | { | I
N\i o \ Plant height 8 — 1000-seed weight M i
Empirical | 0.482 | 0.749 i 0.091 [ -0.537 | 0.407 ‘
Theoretical | 0.5037 ‘ 0.7467 0.1131 : 0.5037 20
; ! |
The number of unlinked | | |
genes for z | 10r0 ! 0 2o0r 2 lLoro0
y 1 0orl i 0 3or2 0or1l
| ;
; : spike length K — 1000-seed weight M
Empirical f 0.845 ‘ ~—0.026 : 0.216 " 0.202 ) 0.501
Theoretical i 4.5700 : \ 0.2144 0,2144 0.5026 10
| i
The number of unlinked 1‘ i J
genes for z [} ! 2o0r 3 2o0r3 2or1
y ; 0 3or2 3 or 2 lor2
! Plant height 8 — spikelet number L
Finpirical \ 0.518 0.851 ! 0.558 I 0.430 0.747
Theoretical i 0.5026 0.8700 ’ 0.5026 ! 0.3650 0.7786 10
The number of unlinked [ ] ‘1
genes for » [ 2or1 0 i 2or1l | 2 lLoro
y | 1or2 0 | 1or2 ‘ 2 Oor1l
! 1000-seed weight M — spikelet number L
Erapirical ‘ 0.288 0.794 0.147 ] —0.268 0.191
Theoretical ; 0.2144 0.8700 0.2144 [ 0.2144 10
The number of unlinked |
genes fur l 2o0r3 0 2o0r 3 2o0r 3
¥ i 3 or 2 | 0 3 or2 3or2
; Spike length K — spikelet number L
Empirical : 0.747 1.258 0.292 0.933 0.537
Theoretical i 0.7467 0.3233 0.3233 0.7461 0.5037 20
The number of unlinked l {
genes for z | 0 | lor?2 [ 1or2 0 1 or 0
¥ ! 0 2 or 1 | 201 ! 0 Oortl
| i Plant height S — spike length K
Empirical ' 0.613 ’ —0.530 i ~0.153 0.438 0.258
Theoretical | 0.6300 i ‘l 0.4929 0.2260 30
The number of untinked } ' |
genes for £ ! 0 | j 1oro0 2or1
Y ! 0 i i 0oril 1or2

the absolute linkage and free inheritance. For that reason caleulations of negative
# were omitted in Table 2. '

In the case of small distances between genes on the chromosomes the correlation
- coefficient will be close to 1, and with an increase in the gene distance on the chromo-
somes that coefficient will take more and more smaller values. The size of that
coefficient, designated with the symbol ryy is given in the first column of Table 1.
On the basis of the data of the quantitative trait segregations concerning 4 mentioned
traits the correlation coefficients were calculated between 6 possible interrelations
for 5 hybrids of the second generation.
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The figures given in Table 2 show the existence of different values of the correla-
tion coefficient with different signs for the same pairs of traits. As mentioned before,
the sign of the correlation coefficient at the “‘cis” linkage is positive, and that one
at the “trans” linkage is negative. Rather high negative coefficients between the
straw length and spike length as well as between the straw length and 1000-seed
weight, beside coefficients with a positive sign indicate linkages in the form of both
“cig” and ‘‘trans” are possible. In general, a longer straw is accompanied by a longer
spike and by a larger 1000-seed weight. However, there is a possibility to combine
the trait of short straw with a long spike and a short straw with a large 1000-seed
weight.

The existence of different values of the correlation coefficient in five hybrid
F, pcpulations under study between the analyzed quantitative traits should be
explained by the fact that beside 2 pairs of the main linked genes several pairs
of independently inherited genes interact with them. These genes may occur
in the same homozygous form in the both crossed lines, as a result of which they
do not undergo segregation in the F, generation and the size of the correlation
coefficient is determined only by the degree of linkage between the main genes.
. That case is designated with the symbol ryy in Table 1, whercas in Table 2 the num-
ber of unlinked genes is 0. However, one or more gene paits may cceur in the hetero-
zygous form in the F; hybrids, as a result of which in the ¥, generation there will
occur segregations, affecting to a larger degree a reduction of the correlation coef-
ficient the larger is the number of free-segregating genes interacting with linked
genes. If, for instance, two pairs of genes inherited independently, which is de-
signated in Table 1 with the symbol ryzyy,, interact with linked genes, then an
increase in the variation of phenotypes in the ¥, generation will cause a change
in the correlation coefficient at a significant linkage (5 morgans) from 0.9342 for
0.5454. This corresponds, for instance, to the following formula of the crossed lines:

XX Y Yo Xo Xo Vi Yiyoys X wayy Xo Xy@pkpyuth Yo Vs,

where 2 and y without numbers present linked genes, while z and y with numbers —
non-linked gene pairs.

These general conditions concerning gene interaction were worked out by a
computer and results are given in Table 1, whereas in Table 2 the same valucs of
the coefficients are given in the column ‘“‘theoretical values”. Calculations of the
theoretical correlation coefficients were made assuming that: The size of the Z
linkage decreases with an increase in the gene distance on the chromoscmes, ana-
logicully to the value of 1-r, i. e. Z==1—r, providing 0<Z <1. The value of the
theoetical correlation coefficient was calculated from the formula expressing the
covariance to variance ratio, i. e.

cov

o=

var

In our case:
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cov=(Y—g)[p (X, ¥) (X—=2)+p (&, ¥) (x—&)]+(y—7) [P (4, X) (X—F)+p (x,y) x
x (&—2)},

whereas

(wary={[p (@, Y)+p (@, )] (¢—&)+[p (X, Y)+p (X, )] (X—&)*} x
x{{p (X, 9)+p @ ] —9*+p (X, Y)+p @& DY -5,

where the mean values are:

7«—~[20 (X Y)tp (X y)] X+[p( —I-Z’ (@, ylz;

providing: Y >y ; .X>a: ,
" but the sum of probabilities:
2 (X, Y)+p (X, 9)+p (& Y)+p (2, y)=1

In the case of linkage with the s value we calculate the probability p, suming up
the corresponding elements of the matrix. In that matrix two gametes, paternal
and maternal (XY and xy), occur at the frequency of 1 (1—%s), whereas two recom-
bination gametes Xy and #Y — at the frequency of %s, as a result of which the

Correlation coefficiert

1 L L L i 1 1 J E—

Fig. 1. Curves of dependences between

the size of linkages in morgans and that

of correlation coefficients for different
genes interacting with linked genes

a — a curve at the lack of interacting genes, b — a curve

for a single pair of interacting genes, ¢ — a curve for

two pairs or interacting genes, d — @ curve for three
0 26 30 &0 50 80 70 80 90 00 X pairs of interacting genes, e — a curve for four pairs of

interacting genes, f — @ curve for flve pairs of inter-

Linkages in morgans acting genes
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genotypes XX Y'Y and zzyy occur with the probability amounting to } (1—4s)2.
Each next pair of nonlinked genes reduces the number of recessive individuals
for a given trait to 259, of the previous value in the way given in Table 1.

On the example of the results given in Table 1 it may be noticed that correla-
tion coefficients decrease with the increase of distance of linked genes on the chromo-
some as well as with the increase in the number of genes interacting with linked
genes. These relationships are presented in Fig. 1.

RESULTS AND DISCUSSION

. In our studies we have confined ourselves to the consideration of the effect of
interaction of not more than 5 pairs of genes (2,y; or x,y,) inherited freely and
interacting with coupled genes. This does not exhaust all the possibilities, however,
consideration of a larger number of uncoupled genes is of no large importance in
relation to a little chance of linkage detectability amounting to 15 - 20 morgans
in the cases, when crossed inbred lines give a significant number of multiple hetero-
zygotes in F,. This finding results from considerations concerning significance of
differences between the correlation coefficients, which only slightly decrease with an
increase in the population size of F,. Fig. 2 presents the relationship between the
population size (x) and the limiting value (y) proving the significance of differences
between the values of the empirical and theoretical correlation coefficient. The

n coefficient

correlatix

umiting value of
s
P
T

A
o
T
-
L

| I ! i | 1 1 1 i | 1 [ 1 L [ H
1 20 30 40 50 B2 700 BG 90 W0 MG 120 130 140 1S0 B0 170 180 130 200 X

Population size

Fig. 2. Dependence between the population size and limiting value of the correlation coefficient

curve presenting that relationship significantly diminishes above n=40, attaining
the correlation coefficient r=0.20 for n=100 and r=0.14 for n=200. It is recom-
mended, however, to manipulate with F, populations of over 100 individuals to
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determine precisely the empirical correlation coefficient. Table 2 gives the empirical
and theoretical correlation coefficients. These last ones were chosen from Table 1
for individual values of morgans in such a way as to make their values to be the
most corresponding to the empirical coefficients. The calculated errors of the em-
pirical correlation coefficients permitted to find the lack of significant differences
between the theoretical and empirical values, except the value of the correlation
coefficient between the spike length and the spikelet number per spike for the
hybrid Kazimierskie Cx Zeelandzkie E.

It may, therefore, be generally inferred that differences between the empirical
correlation coefficients and chosen theoretical coefficients resulted from non-
inherited variation. If we assume that there was a more close linkage (for instance,
10 morgans) between the spike length and the spikelet number for the hybrid
Kazimierskie C, x Zeelandzkie E, then there would exist a full agreement between
empirical and theoretical coefficients.

In the columns of the attached tables under the values of correlation coefficients
are the corresponding nwnbers of unlinked genes occurring in the F; generation
in the heterozygous form. This means that individual lines did not differ from one
another by gene domination at a corresponding number of loci. For instance, in
correlations between the spike length and 1000-sced weight the lines Rogalinskie
F, and selected Dankowskie 231 differed only by linked genes, whereas the remaining
genes occurred in the F, generation in the homozygous form. The lines Kazimierskie
C; and Zeelandzkie B, beside the way of linked genes domination, differed also by
domination of 2 pairs of genes for the spike length and by 3 gene pairs for the 1000-seed
weight or vice versa. As result of the so large number of heterozygous loci, not
linked in the F, generation, the empirical correlation coefficient was very small.
The last column of Table 2 gives linkage values in morgans. This value corresponds
to that one given in Table 1, for which the correlation coefficients included in Table 2
as theoretical values were chosen. The choice of the respective linkage values cannot
be accurate and has the character of a certain freedom consisting mainly in pre-
senting reciprocal linkages in the form given in Fig. 3.

As follows from Fig. 3, between the main genes controlling the spike length and
1000-seed weight there exists linkage amounting to about 10 morgans. The same

<
—
! -1

20

Fig. 3. A suggested position on the chromosome of 4 pairs of
genes controlling quantitative traits of rye (distance arc given
in morgans)

K — gene pair controlling the spike length, A7 — gene pair controlling the 1000-sced weight,

L — gene pair controlling the spikelet number per spike, S — gene pair controlling the plant
height
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value of linkage exists between the 1000-seed weight and the spikelet number per
spike and between the spikelet number per spike and straw length. That order of
gene location on the chromosome is supported by the size of linkages in morgans
between the spike length and spikelet number per spike, and between the straw length
and 1000-seed weight, amounting to 20 morgans each, as well as between the spike
length and straw length. The Jast linkage amounting to 30 morgans is a sum of three dis-
tances, each equal to 10 morgans. Our studies carried out on populations consisting
of 8 - 41 individuals do not permit to determine precisely the size of linkages; they
only give a possibility to verify the suitability of the proposed determination of
distance between the genes located on the same chromosomes by correlation. That
method requires further testing on larger populations of the ¥, generation. A positive
side of the proposed method is a possibility to determine the degree of linkage
between genes controlling quantitative traits.

When determining the degree of linkage between genes controlling quantitative
traits inherited in a discriminating way, differentiation of recombinants does not
cause difficulties. However, in cases with phenotypes having the character of
continuous variation their reference to the category of recombinants or parental
forms is significantly deliberate. The proposed method consisting in the determina-
tion of theoretical correlation coefficients and in the comparison of these values
with the empirical values permits not only to determine precisely distances between
genes on the chromosomes, but also throws light to the genetic basis concerning
the inheritance of quantitative traits.
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PROBA OKRESLENIA SPRZEZEN MIEDZY GENAMI KONTROLUJACYMI
NIEKTORE CECHY ILOSCIOWE U 2YTA (SECALE CEREALE L.)

Streszczenie

Przedstawiono metode wyznaczania sprzezen miedzy genami kontrolujacymi cechy ilo-
Sciowe, polegajaca na okreéleniu teoretycznych wielkosci wspélezynnika korelacji 1 poréwnaniu
ich z wielkoéciami empiryeznymi. Metode te sprawdzono na wynikach dotyczacych rozszezepien
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wybranych cech, ktore obserwowano w pieciu populacjach mieszancéw pokolenia F,, pocho-
dzacych z krzyzowania homozygotycznych linii wsobnych zyta. Réznice w wartosciach wspol-
czynnikéw korclacji migdzy czterema cechami ilodciowymi (dlugo$é slomy, dlugosé klosa,
liczba kloskéw w klosie, masa 1000 ziarn) dla badanycl populacji mieszancowych pozwolily
na oszacowanic odlegloset miedzy poszezegdlnymi genami w chromosomie.

NOTBITKA ONPEJAEIEHUA CUEIUIEHUM TEHOB, KOHTPOJIMPYIOMMX
HEKOTOPBIE KOJMWYECTBEHHBIE MNPU3HAKW V PXW (SECALE CEREALE L.)

Pe3rome

B nacrosweil paGoTte MpeasoxeH METOJ OMPEACICHUA CLEMIEHWH MeX1y T€HaMH, KOHTPOIMpYylo-
WWMH KOJTMYCCTBEHHDLIC APU3HAKK, 3aK/II0YAIOLIMIACA Ha OMPENENICHUM TEOPETHYECKMX 3HAYEeHMH k03tdu-
HeHTa KOPPENALMM M HAa CPABHEHHIO WX C IMPHPHMEUECKUMM 3HAYEHMAMM. DTOT METOX ObLn MPOBEPEH
Ha pe3yabTaTax PAaCIUCHICHHH BLIGPalHbIX TPH 3HAKOB, KOTOPbi€ HAGMIONAMMCh B 5 THOPUAHBIX HOMyis-
LHAX TIOKOJEHHA [7;, MOJYYeHHBIX OT CKPELIUBAHUSA FOMO3MFOTHBIX WHOpEAHBIX JUHWIA pxu. BricTy-
MAIOLUME PA3HHLbI B BEIMUHHE KOIDDULEHTA KOPPENSUHH MEXAY YETbIPbMSA KOJMYECTBEHHBIMHY NpPU3HA~
KamH (AIHHOH COJIOMDI, [JJIMHON KOJIOCA, YKCICM KCJICCKOB B KoJioce W BecoM 1000 3épeH) mMexay 5 ru-
OpMAHBIMY TTOMYISLMAMK TO3BOJIMIIM YCTAHCBHI b PACCTOSHKE OTACAEHBIX TEHOB Ha XPOMOCOME,



