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T HE study of linkage in diploid organisms is comparatively simple. At the

first division of meiosis four chromatids take part in the formation of each
bivalent and, since four potential gametes result from each meiosis, these strands
pass to different gametes and may, genetically, be dealt with separately. The only
concern, therefore, is with the proportions of each type of strand resulting from
crossing-over and their possible combinations in the zygotes. Allopolyploids, such
as wheat, show the same general type of genetical behavior since multivalent
formation is rare.

In autopolyploids, on the other hand, more than four chromatids are concerned
in the formation of the various configurations which occur at the first division of
meiosis, and, since there are still only four gametes formed, each gamete receives
more than one strand from each configuration. Hence with autopolyploids there
is the additional consideration of the ways in which the chromatids may be
combined in the gametes themselves. This leads to a number of complications in
the analysis of linkage in autopolyploids.

MurLer (1914) calculated the monofactorial segregations to be expected from
autotetraploids if the two chromatids of each chromosome acted as one at the first
meiotic division, and Harpane (1930) extended the work to include several
higher autopolyploids. This mode of inheritance is called chromosome segrega-
tion. Harpane (1930) also established the segregations to be expected if the two
chromatids from each chromosome acted entirely independently of one another.
Random chromatid segregation is the term applied to this method. S6MmMme (1930)
reported some linkage studies in autotetraploid Primula sinensis and pE WINTON
and Harpane (1931) in a more comprehensive investigation of the subject,
using the same plant, gave the linkage formulae applicable to the chromosome
type of segregation. SansoME (1933), working with the tomato, presented the
corresponding linkage formulae on the basis of random chromatid segregation.
In addition to these cases of linkage studies in autopolyploid plants, investigations
on crossing-over in triploid Drosophila melanogaster have been reported by
Bripges and AnpersoN (1925) and Reorierp (1930, 1932). Later workers
(Matuer 1936) have recognized that these segregation and linkage expectations
are in the nature of limiting types, and that the true segregations to be expected

1 A portion of a thesis presented to the Faculty of the Graduate School of Cornell University,
Ithaca, New York, in July, 1942 in partial fulfillment of the requirements for the degree of
Doctor of Philosophy.
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from autopolyploid organisms will actually lie somewhere between the antici-
pated chromosome and chromatid values.

The object of the work reported here was to determine whether the linkage
intensity in autotetraploid maize was the same as in the diploid.

MATERIALS AND METHODS

The linked genes used in this study are located in the chromosome 2 linkage
group of maize and are shown, together with their assigned loci, in Figure 1
(RanporpH 1941b). The characters produced by these genes are distinguishable
in the seedling stage and may be described as follows (Emerson, BEabLE and
Fraser 1935; Fraser 1939): Ig,—liguleless leaf-1; ligule absent in the seedling
and throughout the life of the plant; leaves show a tendency to grow upright and
the plant has a characteristic appearance even in the seedling stage; classification
good; viability normal. gl,—glossy seedling-2; seedling leaves glossy, when
sprinkled with water from a fine-spray watering can the moisture adheres in
large droplets; classification easy in the early stages, but usually impossible in
the mature plant; viability good. B—plant color intensifier; in the seedling stage
the distinction between B and b can only be made in the presence of the super-g
allele of the R-r pair for aleurone color; classification in mature plants
usually made without difficulty; viability good. v,~—virescent seedling-4; seed-
lings yellowish-green, turning green slowly; classification good; viability normal.

Autotetraploid strains of Ig, gl, b\ v, stocks originally developed by ProrEssor
L. F. RanpoLpH as a result of the heat treatment method (Ranporer 1932) were
used in this investigation as a source of linked genes. (The symbols B and b\¢
are used to indicate that either the R or ¢ gene is involved.) Similarly produced
material carrying the dominant alleles was also employed.

Classification of the Ig, character in autotetraploid plants in the seedling stage
was found to be considerably more difficult than in closely related diploid stocks.
The effect of the Lg, gene, normal liguled leaf, varied since plants differed in the
degree of ligule present, the structure ranging in size from a mere vestige to the
type ordinarily found in diploids. Careful examination of the second leaf when
the seedlings were in the third-leaf stage apparently resulted in accurate classifi-
cation. Plants which possessed an auricle but no visible ligule were grouped with
the Lg, segregants. In the mature plant stage the upright growing habit of the
leaves of Ig, plants provided an easy method to separate them from their normal
sibs.

The classification of gl, and v, was just as simple as in diploid stocks.

9 9l2 B V4
i 1 ¥ B 1
I 30 49 83

Ficure 1.—Maize chromosome 2 linkage group genes used in this study and their assigned
loci (Ranporpu 1941b).
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It was impossible to identify the B\’ plants in the seedling stage when grown in
the greenhouse during the winter. Mature plants in the field ranged in color
from pronounced sun red to typical green and were therefore grouped as follows:
“B1”—glumes, stalk, husks and roots well colored. “B2”—glumes, husks and
roots well colored; stalk slightly colored compared to “B1.” “B3”—glume re-
ceptacles of several tassel flowers usually colored, color spreading into glumes;
some color in stalk particularly at base; often color in husks; roots colored
(typical dilute sun red appearance). “B4”—glume receptacles of some tassel
flowers may or may not be colored, color spreading little if any into glumes;
often some color in stalk near ear or at base; usually faint splash of color in husks
and wusually none in roots. “b”—all green, no color showing, although plants
with a very slight trace of possible color in some roots were placed in this class.
One of the reasons for the variability in plant color was the apparent introduction
of the super-r allele of the R-r genes into the plants grown in the field which were
also segregating for R? or r7. This meant that b plants could be either dilute sun
red, “B3,” or green. Plants in the above “B1” and “B2” groups were placed in the
B phenotypic class and those in “B3,” and “B4” and “b” in the & class. Records
seemed to indicate that the “B1” plants possessed two doses of the B gene com-
pared to one in the “B2” plants. Stocks known to be Ig, gl, b v, contained
occasional plants which showed the characteristics described for “B4” indicating
that these plants in segregating progenies were correctly designated when placed
in the b class.

The data are based entirely on backcross populations. Most crosses were made
in both directions so that crossing-over in the male parent could be compared
with the female.

EXPERIMENTAL RESULTS

Diploid organisms can be only one of three possible genotypes with respect to
a single pair of alleles X and z, namely XX, Xx or xx. Autotetraploid zygotes,
on the other hand, may be classified into the following five groups: XXXX,
quadruplex; XXXz, triplex; XXz, duplex; Xzzz, simplex; and xzzxz, nulliplex.

Table 1 shows the breeding behavior of these autotetraploid types (MULLER
1914; HaLpaNEe 1930; and pe WinToN and HAaLpanEe 1931).

TABLE 1

Theoretical autotetraploid single gene ratios

Phenotypic ratio (X:x)

After selfing After backcross to rrxx
Random Random
Genetic constitution Zysgotic Chromosome chromatid  Chromosome chromatid
of autotetraploid type segregation segregation segregation segregation
XXXX quadruplex 1:0 1:0 1:0 1:0
XXXz triplex 1:0 783:1 1:0 27:1
XXzxx duplex 35:1 21:1 5:1 11:3
Xzzx simplex 3:1 559:225 1:1 13:15
zIIT nulliplex 0:1 0:1 0:1 0:1
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Single gene ratios: Table 2 gives the ratios obtained when plants triplex for
the gene B, duplex for the genes Lg, Gl, B and V,, and simplex for the genes Lg,
and B were crossed with the nulliplex, lg, gl. b v,. The results, which include
observations on 21,108 plants, are not independent due to linkage.

All dominant strains were believed to be quadruplex for the Lg,, Gl, and V,
genes, but analysis of the single factor ratios revealed that some stocks, used as a
source of dominant genes in part of the progenies grown in the field, were duplex
for Lg,. This explains the occurrence of simplex as well as duplex ratios for this
gene in the field data. The other dominant stocks proved to be quadruplex for Lg,
and all were quadruplex for GI, and V, since they gave duplex ratios when their
F.’s were backcrossed to the nulliplex. A few exceptions due to numerical non-
disjunction occurred, however, resulting in modified ratios. These cases will be
discussed under the next heading.

None of the B dominant strains were homozygous for this gene except possibly
one which was used as a source of dominant genes in part of the progenies grown
in the third planting in the greenhouse. The proof of this condition will not be
known until backcross populations can be studied under optimum conditions for
the expression of this character. The family showing triplex segregation for B
apparently arose as the result of an ovule of a BBbb plant being self-pollinated
instead of crossed with bbbb. This produced a BBBb “F,” which was then crossed
with bbbb giving the triplex segregation indicated in Table 2.

Families not showing clear duplex or simplex segregation for Lg, and B, but
instead giving figures lying between these two types, were subjected to the

standard error test for significance (o,, = \/Tyn; MaTHER 1938). After statistical
analysis of families which were showing, by observation, neither definite duplex
nor simplex segregation of Lg,, none exhibited significant departure from the two
types of ratios. The B segregation in one pedigree, however, did deviate signifi-
cantly from that expected on both the duplex and simplex bases, and was not,
therefore, included in the table of single gene backcross ratios.

A few families which should have shown duplex segregation tended to display
simplex ratios for certain genes. This was the case with gl, in two pedigrees which
departed significantly from both duplex and simplex expectations, and the segre-
gation of Ig, in another culture also approached the simplex type. These three sets
of figures were not included in the single factor data. The omission of this ma-
terial does not have the justification it does with the B data above since the latter
family was expected to segregate in either a duplex or simplex fashion. However,
the inclusion of these figures may have distorted the true single gene ratios. The
excess of lg; plants in the last-mentioned culture, grown in the greenhouse, was
most likely due to classification before the third leaf was fairly well-developed
resulting in some of the Lg, plants being placed in the lg, class. This difficulty
was overcome in subsequent pedigrees of planting 3. Some cultures also required
more time for the classification of this character than others even at later growth
stages. ‘

Table 2 shows that g, tended to fit the expectations based on random chromatid
segregation more closely than those founded on chromosome segregation. No
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significant deviations from random chromatid segregation were found in plant-
ings 2 and 3 in the duplex X nulliplex class, planting 2 in the nulliplex X duplex
class, and planting 2 in the nulliplex X simplex class. Planting 2 in the sim-
plex X nulliplex class showed no significant deviation from the expectation of
chromosome segregation, and planting 2 in the nulliplex X simplex class in addi-
tion to showing no significant variation from random chromatid segregation like-
wise exhibited no significant difference with chromosome segregation. The
probability of obtaining as large or larger deviation by chance in the case of
random chromatid segregation was, however, considerably greater. The four
remaining groups varied significantly from both chromosome and random
chromatid segregation, two approaching the former and two the latter.

The segregation of gl,, like lg,, approached the random chromatid expectation
more closely than it did the figures calculated on the basis of chromosome segre-
gation. Plantings 1 and 3 in the duplex X nulliplex class, and planting 2 in the
nulliplex X duplex class expressed no significant difference between the observed
gl, segregation and that expected with random chromatid segregation. Three of
the four remaining groups, although expressing significant deviations from both
the chromosome and random chromatid expectations, closely approached the
latter. Segregation in the fourth category was almost halfway between the two
types, being a little closer to the figures calculated for the chromosome type.

The B ratios tended more toward chromosome segregation than to random
chromatid segregation. Each of the four combined groups of families exhibited
no significant departure from the figures expected on the basis of chromosome
segregation. The two smaller groups, however, also fit the random chromatid
expectation, one of them giving the same probability in both cases. Further
proof that random chromatid segregation of this gene is also taking place is the
appearance of b plants in the progeny of the triplex X nulliplex.

The v, segregation approximated the chromosome expectation, although the
only case of no significant deviation from these figures was in planting 1 in the
duplex X nulliplex class. All other groups, except one, more nearly agreed with
chromosome segregation than with random chromatid segregation, but signifi-
cant deviations were expressed. The exception was planting 3 in the nulli-
plex X duplex class.

pE WinToN and Harpane (1931) found that the three linked genes they
worked with in tetraploid Primula sinensis showed chromosome segregation.
These authors believed that the most likely explanation of this situation is that
the genes involved are located rather near the centromere. In the tetraploid
tomato SansoME (1933) reported that three linked factors each probably ex-
hibited random chromatid segregation, and presented data to indicate that ran-
dom chromatid segregation is very likely shown by some genes and chromosome
segregation by others. The maize plant has an advantage over the above species
for studies of this kind because in half of the ten chromosomes the centromere
position is known with a fair degree of accuracy although in the remaining half
the location is less definite (Ranporpa 1941b). The centromere position in
chromosome 2 belongs to the more certain group. The furthest gene from the
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centromere is Ig, which is approximately 65 units to the left of this organ, and
the closest gene, v,, is about seven units to the right of the centromere (ANDERSON
and Ranporri 1945). The maize data show that as the loci of the genes become
progressively closer to the centromere there is a corresponding shift from nearly
random chromatid segregation, as was the case with lg,, to figures approaching
those expected on the basis of chromosome segregation as, for instance, was found
with v,.

Genetical evidence of numerical nondisjunction: The production of 2n + 1 and
2n — 1 gametes, involving an extra or a deficient chromosome 2, by quadruplex
plants can be determined by the type of ratio in families involving quadruplex X
nulliplex F,; plants backcrossed to the nulliplex. When disjunction of the four
homologous number 2 chromosomes in the quadruplex is two from two, the F,
with the nulliplex is XXxx and upon backcrossing to the recessive gives 5X:1x
with chromosome segregation. If numerical nondisjunction takes place in the
quadruplex resulting in three from one separation of chromosome 2, most F,
plants involving these gametes will be either XX Xxx or Xxx. When backcrossed
to the nulliplex the chromosome ratios will be 19X:1x and 1X:1z, respectively,
which are easily detected from the duplex segregation of 5X:1x.

Table 3 shows the single gene backcross ratios in three families exhibiting
numerical nondisjunction. Pedigree WG41-56 seems to have had an F, parent
with the constitution (Lg, GL, V,)3-(lg, gl. v,)2. This type of plant would arise
by the combination of a (Lg, Gl, V,)3 gamete from the quadruplex with a (lg,
gl. v,)2 gamete from the nulliplex. Upon backcrossing this F, to the recessive,
chromosome segregation would give 19 dominant:1 recessive and random chrom-
atid segregation would result in 11.05 dominant:1 recessive. Table 3 indicates
that in pedigree WG41-56 the lg; ratio did not deviate significantly from the
random chromatid expectation and the same was true for g/, and v, with chromo-
some segregation.

Pedigrees W41-22 and W41-47 apparently were derived from F,’s containing
only one dominant gene instead of the usual two. Their F, genotypes were, there-
fore, assumed to be lg, GL, BV, - (Ig, gl, bv,)2and Lg, GL, bV, - (Ig, gl. b v,)2,
respectively. When backcrossed to the nulliplex the resulting families should give
1 dominant:1 recessive with chromosome segregation and 7 dominant:8 recessive
with random chromatid segregation. The observed lg, and g/, ratios in all cases in
these two families were not significantly different from either the chromosome or
random chromatid expectations. The B segregation in W41-22 fits the chromo-
some, but not the random chromatid figures; W41-47 did not involve the B gene.
The v, ratios, except W41—47 which fits chromosome segregation, showed sig-
nificant deviations from both types of expectation.

The single factor backcross segregation of the four genes in these three aberrant
families, including 543 plants, is similar to that shown in Table 2 for families
derived from F, plants possessing two of each of the dominant genes, and for
pedigrees segregating in a simplex manner for Lg, and B due to the heterozygous
nature of their parents. That is, genes located relatively far from the centromere
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tend to give random chromatid segregation and those situated close approach the
expectations of chromosome segregation.

Unlike the quadruplex, the detection of numerical nondisjunction in the nulli-
plex is impossible by genetical methods. A XXzxx plant when backcrossed
would give 4X:1x and a XXz plant 5X:1x with chromosome segregation, whereas
the ordinary duplex XXzxx would also give 5X:1x with chromosome segregation.

It was observed by Kapam (Ranporpu 1941a) in the tetraploid maize lines he
worked with that approximately one half of the plants have the balanced
chromosome number and the remainder have one or a few chromosomes more
or less than the balanced number of 40. If we assume that 50 percent of the
quadruplex gametes are unbalanced, we would expect on a random basis that
only ten percent of these would involve chromosome 2. The theoretical expecta-
tion of numerical nondisjunction is, therefore, five percent. CatcHESIDE (1956)
also stated that the amount of numerical nondisjunction for each chromosome in
maize is probably of the order of about five percent. All quadruplex gametes
which do not have two number 2 chromosomes can easily be detected when the
families backcrossed to the F,’s involving these gametes are studied. Planting 3
included the backcross progeny derived from 47 different F, plants and, there-
fore, represents 47 quadruplex gametes. Only one of these backcross families,
WG41-56, produced a ratio that was not of the duplex type indicating that one
unbalanced quadruplex gamete in 47, or 2.1 percent, functioned to produce an F,
plant with the nulliplex. The percentage of numerical nondisjunction in the
quadruplex stocks involved in plantings 1 and 2 could not be calculated because
plant numbers were not recorded.

The difference between the theoretically expected five percent of numerical
nondisjunction with any one chromosome and the observed value of 2.1 percent
involving chromosome 2 in the quadruplex may be due to the relatively small
number of plants upon which the latter figure is based. It is also quite possible
that 2n + 1 and 2n — 1 gametes are largely eliminated.

It is emphasized that even though the dominant constitution of F, plants is
accurately detectable, the complete genotype is not known owing to the little or
no effect the addition or omission of recessive genes has on genetic ratios. This
influences linkage. However, the proportion of F, plants containing more than
two and less than two number 2 chromosomes carrying recessive genes is theo-
retically only five percent.

T heory of linkage in autotetraploids: Diploid organisms heterozygous for two
linked genes can exhibit only the gametic series characteristic of coupling or
repulsion. In the autotetraploid, on the other hand, there are seven possible gene
arrangements with chromosome segregation and an additional six possessing the
ability to segregate on the basis of random chromatid segregation making a total
of 13 different combinations (pE Winton and Harpane 1931; Sansome 1933).
These types are presented in Table 4.

The gametic series produced with chromosome segregation in the various
arrangements of two linked factors possessing the ability to segregate were
developed by pE Wintow and HAaLpane (1931). As the mode of segregation indi-
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cates, the formulae of these workers do not consider the possibility of sister
chromatids entering the same gamete, but instead suppose they always go into
different gametes. Their single gene ratios in Primula sinensis uphold this
assumption. These investigators believed that crossing-over between one pair of
the four homologous chromosomes is independent of crossing-over between the
remaining pair. S6mMME (1930), also working with autotetraploid Primula
sinensis, found that crossing-over may take place between any two of the four
chromosomes, a fact which substantiates pE Winton and HaLpaNE’s view. The
chromosome segregation formulae were also developed with the stipulation that
after two chromosomes have paired they must proceed to different poles. If this
were not the case there would be a conversion of coupling into repulsion, a situa-
tion which would be shown by some of the XY segregants of XY - (zy)3 X (xy)4
when backcrossed to (ry)4. The theory of these formulae is further based on
crossing-over involving only two chromosomes. The zygote XYZ/xyz/xyz/xyz/
with the four homologous chromosomes A, B, C and D, respectively, can be used
to explain this belief. Chromosome A may pair with B, and crossing-over twice
give XyZ/xyz and xYz/xyz gametes, or it may pair with both B and C giving
z¥z/xyz and Xyz/xyZ gametes. The first type of crossing-over is called recur-
rent and the second progressive. Bringes and Anperson (1925) found both these
forms of crossing-over in the triploid Drosophila melanogaster. Progeny of the
Xyz/xyZ gamete with (xyz)4 would exhibit repulsion of X and Z, a situation
which is rare in Primula sinensis if it occurs at all. Under these conditions XyZ
and xYz gametes should be produced more commonly by the zygote XY Z-(xyz)3
than by XYZ:-zxyz, provided the crossover values are the same in both.
pE WintoN and HarpaNe found that double crossovers are not more common in
the tetraploid, not at least to any significant extent, and therefore consider cnly
recurrent crossing-over in their formulae.

The random chromatid gametic series in Table 4 were developed by SaNsoME
(1933). The conditions for random chromatid segregation require that the locus
of the gene be independent of the centromere in disjunction, and in tetraploids
quadrivalent formation is normally required. Genetical nondisjunction will,
therefore, occur in 50 percent of the first divisions, except perhaps in a region
close to the centromere. With random chromatid segregation it is possible for
sister chromatids to enter the same gamete by a process which Maraer (1936)
calls double reduction. It was shown that the two chromatids from the same
chromosome would only reach the identical gamete as a result of crossing-over
between the locus and the centromere, leading to equational separation at the
locus, followed by genetical nondisjunction at first anaphase, i.e. the two chromo-
somes which crossed over going to the same pole at first anaphase. This would
allow the two sister strands to be in the same interphase nucleus, but joined to
different centromeres. Double reduction leads to an excess of recessives as com-
pared to cases where this phenomenon does not exist.

MatHER (1935) established a new segregation for the occurrence of completely
equational separation. Random chromatid segregation was shown to be the result
of a combination of reductional separation, which leads to chromosome segrega-



378 JAMES E. WELCH
TABLE 4

Arrangements in an autotetraploid of two linked genes possessing the ability to segregate
and their respective gametic series

Gametic series

Type of Types of Chromosome Random chromatid
Arrangement zygote gametes segregation segregation
Single XY - (zy)3 XY 1—p* 26 — p
Xy p p
coupling zY p 14
xy 1—p 3 —0p
Single Xy -zY - (zy)2 XY 1+p 1 +p
Xy 2—p 2925— p
repulsion zY 2—p 2.25— p
Ty 1+p 15+ p
Asymmetrical XY - Xy (zy)2 XY 3—p 13 —2p
Xy 2+4p 7 +2p
coupling zY P 2p
xy 1—p 6 —2p
Asymmetrical (X2 -z2Y - xy XY 2-+-p 7 +p
Xy 3—p 95 — p
repulsion zY 1—p 2.75— p
zy 4 J5+ p
Double (XY)2- ()2 XY 5—2p+-p? 33—6p-+p2
Xy 2p—p? 6p—p?
coupling zY 2p—p? 6p—p?
xy 1—2p+-p? 9—6p—+p?
Double (Xy)2- (zY)2 XY 4 -}-p? 24 —+p2
Xy 1 —p? 9 —p?
repulsion zY 1 —p? 9 —p?
zy p? p*
Coupling XY -Xy-2Y . xy XY 8+ p—p2 51+ p—p2
and Xy 2— p+p? 15— p+p?
repulsion zY 2— p-tp? 15— p-+p2
Ty p—p? 34+ p—p?
Triplex XY - (Xy)2-xy XY + ¥
single Xy
coupling zY
xy
Triplex (Xy)3-2Y XY + I
single Xy
repulsion Y
zy
Triplex (XY)2- Xy - zy XY + I
double Xy
coupling zY

zy
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TABLE 4—Continued

Arrangements in an autotetraploid of two linked genes possessing the ability to segregate
and their respective gametic series

Gametic series

Type of Types of Chromosome Random chromatid

Arrangement zygote gametes segregation segregation
Triplex XY . (Xy)2-zY XY + I
double Xy
repulsion zY

zy
Triplex (XY)3 - zy XY + t

Xy
coupling zY

xy
Triplex (X¥)2- Xy - ¥ Xy + ¥
coupling Xy

and z¥

repulsion zy

* p is the crossover value. .
+ The production of zy gametes is impossible in this case with chromosome segregation.
I Sansome (1933) did not publish the gametic series expected with this gene arrangement.

tion, and equational separation in the random proportions of one-seventh reduc-
tional and six-sevenths equational separation. Mataer (1935, 1936) further-
more showed that a ratio approaching that expected on the basis of random
chromatid segregation should be considered as due to a combination of the two
types of separation in the correct proportions rather than to the occurrence of
real random chromatid segregation. Fisuer (1947) showed in detail the combi-
natorial and statistical problems involved in the theoretical analysis of linkage
in polysomic inheritance, and included an elaboration on the multiplicity of the
modes of gamete formation.

The preceding discussion of the gametic series possible with two linked genes in
autotetraploids on the basis of both chromosome and random chromatid segrega-
tion, and the limitations of these formulae is intended to serve as a background
for the analysis of linkage in autotetraploid maize.

Linkage: Most of the observed data were obtained from duplex X nulliplex
progenies which gave the double coupling gametic series, because the duplex
plants employed were derived from quadruplex X nulliplex crosses. However,
since two of the three dominant stocks used in forming the duplex plants for
planting 2 were heterozygous for Ig;, some backcross families in this planting
showed simplex segregation for lg, and, therefore, exhibited asymmetrical coup-
ling. No stocks carrying the dominant alleles were homozygous for B so this gene,
like Ig;, in planting 2, also showed asymmetrical as well as double coupling.
Results on B are available only from planting 2. This gene was not involved in
planting 1, and its segregation could not be determined in planting 3 since the
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plants were grown in the greenhouse during the winter and classified in the
seedling stage. Under these conditions several families in planting 2 showed
simplex segregation for both Ig, and B and were, therefore, representing either
the single coupling or single repulsion gametic series. The distance between these
genes resulted in relatively large crossover classes so in almost all families it was
impossible to determine which of the two gametic series was being exhibited.
These data, therefore, are not included in the following observed results.

By substituting the diploid crossover value for p in the linkage formulae shown
in Table 4, it is possible to determine whether the observed results are sig-
nificantly different from those expected if the crossover values are the same in
the diploid and autotetraploid.

Table 5 includes the linkage data found by Fraser (1939) for the lg,, gl., B,

TABLE 5

Diploid backcross segregation of the linked genes lg,, gl,, b and v, and their
crossover values (after Fraser 1939)

Observed numbers Recombinations
Genes XY XY Xy zY zy Total Number Percent
Lg,Gl, 1825 442 433 1787 4487 875 19.5
Lg,B 1485 782 712 1508 4487 1494 333
Lg, V4 1232 1035 1044 1176 4487 2079 46.3
Gl, B 1742 516 455 1774 4487 971 21.6
GLV 4 1349 909 927 1302 4487 1836 40.9
BV, 1491 706 785 1505 4487 1491 332

and v, genes in the diploid. The lg, gl. ¢ v, stocks used in his studies were
related to the corresponding autotetraploid strains employed in the present in-
vestigation. Fraser did not present his data in the manner shown in Table 5,
since he was interested in illustrating the use of this material in locating gene
loci. F, plants apparently were used both as female and male parents, so if
crossing-over varies in the two sexes the results represent an approximate average
of crossing-over in the female and male.

Observed and expected numbers: Table 6 includes asymmetrical coupling data
on 2,324 plants and Table 7 shows the double coupling results which involve
20,825 plants. All families that exhibited asymmetrical coupling also segregated
in a double coupling manner for some pairs of genes, so the latter category in-
cludes both types of segregation. The total number of different plants repre-
sented in the two tables, however, is 20,983, since the double coupling data in
two families, including 158 plants, showing asymmetrical coupling were not
used due to the approximate simplex segregation of gl,.

The asymmetrical coupling x? values for the expected numbers with random
chromatid segregation shown in Table 6 are not included in several cases, since
in every instance, except one, they were considerably larger than the correspond-
ing values calculated on the chromosome segregation basis. The data in Table 6
indicate that when the diploid crossover values are substituted in the gametic
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series expected with chromosome segregation in an autotetraploid there are, in
most cases, no significant differences between the observed and expected segre-
gations. This suggests that the strength of linkage of these genes is the same in
the diploid and autotetraploid.

The results on double coupling presented in Table 7 are not as simple as those
of asymmetrical coupling. In almost all instances the observed figures do not
even approximate the segregations expected. In five cases in planting 2, however,
the x* values with chromosome segregation were not significant. The groups of
families from which these data came include the smallest number of plants of
any shown in Table 7 and, therefore, should receive less concern than the segre-
gations in the plantings containing larger numbers. Unfortunately, most of these
nonsignificant x* values involved the B gene on which there is no information
in plantings 1 and 3.

The x? figures for random chromatid segregation, like those with asymmetrical
coupling, were considerably larger than the corresponding values for chromo-
some segregation. In almost every case the Xy class contained less plants than the
complementary zY group. The order of the genes in chromosome 2 and their loci
are shown in Figure 1. These genes were paired in studying linkage—Lg; Gl,,
Lg,B,Lg.V, Gl B,Gl, V, and BV ,—so that the gene on the left is always the one
farther from the centromere. Crossing-over between unlike chromosomes in the
region between these two genes followed by genetical nondisjunction, which is to
be expected with genes situated at some distance from the centromere since they
tend to show random chromatid segregation, leads to an excess of Y gametes over
Xy gametes. This situation is diagramed in Figure 2. Crossing-over between the
two genes followed by genetical nondisjunction should actually lead to an in-
crease in the XY class and decreases in the Xy and xy classes, The gametes with
normal disjunction are 5XY:1Xy:1xY:1xy, whereas with genetical nondisjunc-
tion they are 7XY:1xY. The observed XY data were less than that expected with
chromosome segregation in every case, the Xy results were not always less than
those expected with chromosome segregation, but varied on both sides of these
figures, and the xy numbers were larger than those expected with chromosome
segregation in every instance except three. In cases involving v,, where the
centromere is between the linked genes, a crossover between the gene on the left
and the centromere gives the same results as those shown in the diagram. A
crossover between the centromere and the v, locus would result in an excess of
Xy gametes as compared to the xY class. This occurrence, however, would be
much less frequent due to the short distance involved. It is obvious that the data
cannot be interpreted solely on the basis of crossing-over between unlike chromo-
somes in the region between two genes followed by genetical nondisjunction.
Double reduction will account for an excess of recessives where the two genes
are located on the same arm, allowing crossing-over to take place between the
centromere and the gene nearest to it. It is interesting to note in double coupling
that in cases where the genes are far apart the expected chromosome segregation
crossover classes are considerably larger than the recessive parental type. This
1s a decided contrast to a diploid backcross population.
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Ficure 2.—Effect on gamete production of crossing-over between unlike chromosomes in the
region between two genes followed by genetical nondisjunction.

The problem of segregation in the duplex is complicated by the fact that any
chromosome may pair either with a like, an unlike, or both kinds of other
chromosomes. In the simplex at any level the odd chromosome must be paired
with an unlike one. Mataer (1936) found that pachytene partner exchanges
should result in the duplex showing a greater increase in the number of recessive
gametes over 1 in 6 than it does over 4 in 8 in the simplex. The excesses would
be alike if there is no partner exchange. This situation appears to be the most
probable explanation for the lack of agreement between the observed and ex-
pected double coupling data. Pachytene partner exchange in the asymmetrical
coupling results, on the other hand, would not have such a great tendency to
distort the observed figures.

Estimation of linkage intensity: In asymmetrical coupling the observed data
which did not vary significantly from the numbers expected with chromosome
segregation can be used to calculate crossover values. These nonsignificant devia-
tions indicate that the gametic series proposed by pe WinToN and HALDANE
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(1931) is correct providing the linkage intensity is the same in the diploid and
autotetraploid.

The asymmetrical coupling chromosome segregation gametic series is 3 — p
XY2+p Xy:p zY:1 — p a2y if the zygote is XY - Xy - (xzy)2 and 3 —p XY:p
Xy:2+ p 2Y:1 — p zy if the zygote is XY - 2Y - (zy)2 (Table 4). The Lg, Gl,
data in Table 6 where the female parent was the heterozygous one may be used
to illustrate the method of calculating the crossover value, p. The numbers ob-
served were as follows:

Phenotypes Lg, Gl, Lg. gl, lg, Gl lg.gl, Total
Gametic series 3—p p 2+p 1—p
Observed numbers 561 35 418 190 1204

By arranging the individual terms in the gametic series in descending order—
3 — p:2 + p:1 — pip—and letting a, b, ¢, and d represent the observed numbers
in descending order, respectively, the method of maximum likelihood (pE WiN-
ToN and Harpane 1931) shows that p is a root of
a b c d
=3 pTe p=1 p O

Clearing fractions and factoring reduces this expression to (a-+ b+ c+d)p* —
(—at+4b+c+2d)p*— (2a—3b+6¢c+5d)p+6d =0. Since the gametic
series is the same for all pairs of genes exhibiting asymmetrical coupling, this
formula may be used with this type of data in all cases by merely substituting
the appropriate observed numbers. The Lg, G, results previously mentioned give
the following expression: 1204p® — 1371p*> — 1183p + 210 = 0, where a =561,
b =418, c = 190, and d = 35.

A cubic equation has three roots so the next point is to determine where the
first significant digits of these roots lie. This can be done by assigning various
values to x, obtaining the corresponding values for y and then drawing the
curve. Every time y changes in sign the curve crosses the x axis which indicates
that a root of the equation lies between the corresponding values of x (Hart
1931). Since the crossover value, p, was known to be between 0 and 0.5, only the
first digit of the roots situated in this range was determined by the graph method.
The curves in all cases were sharply defined indicating that only one root lay
between 0 and 0.5 and, therefore, the location of the other roots was not neces-
sary. It is possible to be unable to detect roots that are very close together by this
method, but with the number of values assigned to x together with the distinct
slope of all curves this is highly improbable.

After the first significant digit of the root was obtained Horner’s method
(MEeLLor 1909) was used to carry the approximation to four decimal places.

Now that an estimate of p has been determined it is necessary to have some
measure of the confidence which can be placed in this statistic. The variance
and standard error are measures of the spread of the distribution of the estimate
around its true value, and so are measures of the precision with which the esti-
mate is made. The formula employed in calculating the standard error of p (s,)
was developed from a method shown by Maruer (1938). The validity of the
procedure was not proven mathematically, but seems logical since both pE WiN-
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ToN and Harpang’s (1931) and Marmer’s (1938) formulae were derived by
the method of maximum likelihood and particularly because of the way in which
the former investigators arranged their equation. The expression used is as
follows, where V), is the variance—the standard error squared—and  is the total
number of observations:

1 n 1 1 1
_Vp———:‘z(p +p+2 p—1 )
_n(2p®—3p*—5p-+3)

P (p*—2p*—5p+6)
=V,

The general formula for s,, where p is derived from a diploid backcross popula-
tion, is \/E-Q;—”) (MaTHER 1938).

Table 8 shows the diploid crossover values taken from Table 5 with their
standard errors which were calculated by the formula just mentioned. The
diploid values were computed from backcross data published by Fraser (1939).
This investigator did not present his results in such a way that the linkage values
could be determined for each sex separately, since he was interested in other
phases of the data. The diploid crossover values, however, are believed to repre-
sent an approximate average of the amount of crossing-over in the two sexes if a
difference actually exists. Examination of Fraser’s records showed that recent
pollinations, at least, were made with F, plants both as female and male parents.
The autotetraploid crossover values shown in Table 8 were calculated from pairs
of genes showing asymmetrical coupling in planting 2. This type of gametic series
was obtained in this planting because some of the quadruplex stocks used in
forming the duplex plants were heterozygous for Ig, and B, resulting in some
backcross families exhibiting asymmetrical coupling of these genes with G/, and
V,. Under these conditions no progenies showed asymmetrical coupling of the
Gl, and V, genes. Only the groups of [amilies showing deviations which were

TABLE 8

Comparison of diploid crossover values and their standard errors both in percent
with the corresponding autotetraploid values*

Tetraploid Tetraploid

Genes Diploid female male
Lg, GLt 19.5 * 0.59 154 £ 1.75 135 = 2.14
Lg, B} 33.3 = 0.70 § 25.4 + 6.16
Lg, Bt 333 £ 0.70 39.2 +9.39 25.0 = 5.94
Lg,V,+ 46.3 = 0.74 44.3 = 5.74 §
Gl, B 21.6 = 0.61 17.8 = 2.31 17.7 = 2.55
BV, 33.2 = 0.70 31.8 331 32.0 = 3.89

® The autotetraploid crossover values were calculated from pairs of genes showing the asymmetrical coupling gametic
series, and from family groups of these genes which did not exﬁ:bit significant deviations from the numbers expected with
chromosome seﬁreganon (Table 6).

+ Lg, is simple

I B is simplex.

§ Observed segregation varied significantly from the numbers expected with chromosome segregation.
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not significantly different from those expected with chromosome segregation are
included in Table 8.

The significance of the differences between these crossover values was de-
termined by the conventional formula for the standard error of a difference, 1.e.,

V ($p1)% + (8p2)2, where s,; is the standard error of one of the crossover values
being compared and s,, the standard error of the other. Difference to standard
error of the difference ratios of 1.96, having a probability of 0.05, and higher
were considered significant. The autotetraploid crossover values in the Lg,~Gl,
region in both the female and male were significantly less than that of the diploid.
The probabilities of obtaining as great, or greater differences by chance are ap-
proximately 0.03 and 0.01, respectively. All other possible combinations of the
crossover values for a single pair of genes showed differences which were not
significant.

pE WinNToN and Harpane (1931) compared the linkage intensities of three
pairs of genes in the diploid Prirmula sinensis with the corresponding ones in the
autotetraploid. The diploid female crossover values were lower than the male
values, whereas in the tetraploid differences in the two sexes were absent or very
slight. In each case the tetraploid values were approximately intermediate be-
tween those found in the diploid female and male. The differences between the
diploid and autotetraploid, however, were not always large compared with their
standard errors, and apparently the only significant difference was between the
crossover values for the genes S and B on the male side of the plant. pE WiNTON
and HALDANE summarize their work on linkage intensity in Primula sinensis by
saying that the crossover values are nearly, but not quite, the same in the diploid
and autotetraploid. The intensity of linkage is identical in the female and male
in the tetraploid.

pE WinTon and HaLpanE's autotetraploid crossover values were calculated
from backcross data showing the single coupling gametic series, and the maize
values were computed from similar results exhibiting asymmetrical coupling.
The use of simplex data in analyzing linkage groups in autotetraploids is more
desirable than duplex results on two grounds: (1) there is more even segregation,
i.e., the chances of obtaining recessives are greater than in the duplex and (2) one
has not to consider the effect of two like chromosomes pairing as would be neces-
sary in the duplex (Matuer 1936). The fact that a significant difference was
found in only one case between the maize diploid and autotetraploid crossover
values, therefore, is not conclusive evidence of the relationship of these values,
since the autotetraploid linkage intensities were calculated from asymmetrical
coupling data.

DISCUSSION

It is obvious that simplex data are more satisfactory than duplex results in a
study of linkage in autotetraploids. MaTaER (1936) showed that sister chroma-
tids reach the same gamete as a result of double reduction. This process is de-
pendent upon two variables: (1) the genetic distance of the locus from the
centromere, this with crossing-over determining the frequency of equational
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separation at the locus, and (2) the frequency of nondisjunction of the equa-
tionally separating chromosomes. Double reduction leads to an excess of reces-
sives, and for monofactorial segregation of the simplex and duplex types MATHER
(1936) derived a method for the estimation of these excess recessives. These
values were termed the indices of separation and symbolized « in the simplex and
B in the duplex. It was shown that there is numerical evidence for the expecta-
tion that changes of partner among the chromosomes at pachytene should result
in B being greater than «; therefore, a significantly greater g than « value for the
same factor pair gives genetical evidence of partner exchanges between the locus
of the gene and the centromere. Subsequently, Fismer and MareER (1943)
found this assumption to be incorrect. They stated that « is sufficient to specify
all segregations and that the difference in value of the indexes estimated from
simplex and duplex segregations must have some other explanation.

Fisaer (1944) gave a method for calculating genotype frequencies in tetra-
somic inheritance which takes double reduction into account. LirtLe (1945,
1958) reviewed the literature on gene segregation in autotetraploids and in the
later paper presented the values of « for the Ig, gl; B v, genes in autotetraploid
maize which he had calculated from the single gene data of WeLcr (1942, 1943).
The results were as follows:

Crossover units

Gene locus « from centromere
lg, 0.228 +=0.017 65
gl. 0.215 = 0.017 46
B 0.109 = 0.050 27
v, 0.086 = 0.016 7

The order of magnitude of double reduction, shown by the values of «, is the
same as the order of magnitude of the crossover distances from the centromere.
Lirrre (1958) did not state whether the « values were calculated from simplex
or duplex data and whether he used the formulae of Maruer (1936) or those of
Fisper and MaTHER (1943). It appears that Litrre (1958) used the method
introduced by MatuEer (1936). These a values are double the magnitude of those
computed by the Fisuer and MatuEer (1943) method.

Prior to the work of CarcrHEsiDE (1956), the effect of numerical nondisjunc-
tion had not been separated from double reduction. This investigator, working
with maize, showed that the duplex index should exceed the simplex index by a
definite amount based on the frequency of numerical nondisjunction for the
locus. CarcuesiDE (1959) also found that the differences in indexes of double
reduction (a) calculated from simplex and duplex data for various loci in the
tomato and potato could be accounted for by the complicating effects of nu-
merical nondisjunction.

Since pE WinToN and Harpang’s (1931) formulae are based entirely on
chromosome segregation and, therefore, do not consider double reduction, their
use with genes situated relatively far from the centromere is inaccurate. With
double coupling the linkage intensity of two genes both located at some distance
from the centromere and also themselves rather widely separated would be



AUTOTETRAPLOIDS 393

further affected by pachytene partner exchanges. The crossover values calcu-
lated from asymmetrical coupling data by the pE WinroN and HALDANE
method do not give as poor an estimate as the values computed from double
coupling results, assuming there are partner exchanges, because the excess re-
cessives in the former are proportionately less. In addition to the disproportionate
increase in excess recessives in the duplex compared with the simplex as a result
of pachytene partner exchanges, there is another disadvantage with duplex data,
i.e., that segregation is less even than in the simplex.

Marger (1936) derived formulae for the calculation of the linkage intensity
from single coupling and single repulsion data which take double reduction into
account. Attention was confined in the development of these expressions to the
case of close linkage where the occurrence of double crossing-over and pachytene
partner exchanges are rare enough to be neglected. These formulae, in general,
give higher crossover values than the expressions of b WinToN and HALDANE.

There seems to be no simple formulae to use in place of pE WinToN and
Havpane’s (1931) for the estimation of large recombination values, because the
number of variables is too great to handle. Hence it would appear that one can
place very little faith in the accuracy of estimation of linkage values of over
about 15 percent, on account of the possibility of the occurrence of double
crossing-over, so introducing the question of interference, and of partner ex-
changes of the chromosomes at pachytene, which profoundly affect the relations
of recombination and crossing-over. While the strands taking part in any number
of chiasmata involving detectable crossing-over cannot show more than 50 per-
cent recombination, there can, as a result of pachytene partner exchanges, be
more than 50 percent recombination gametes in the case where the factors are in
single coupling, but not in the case of single repulsion (MaTuer 1936). Un-
fortunately, the pE WinToN and HaLpbaNE method is the only one available for
estimating linkage intensities of widely separated genes.

Where there is a change of partner there will be less double crossing-over than
in the diploid. However, there is a further point, the result of these changes of
partner being limited in number. In calculating coincidence values the formula
z—:, where z is the number of double crossovers, @ and b the number of singles in
the two regions and n the number of individuals, is used. This formula, if applied
to tetraploids, implies that crossing-over in any one region involves the four
chromosomes at random with relation to the other region. Since the number of
changes of partner of the chromosomes at pachytene is limited, it follows that
crossing-over in one region is more likely to involve the same pair of chromo-
somes than would be the case if pairing were at random. Hence the frequency of
double crossover strands will be greater as compared with the frequency of
single crossovers than would be the case if pairing were at random. The coinci-
dence value obtained will be high and may even exceed 1, and as such seems to
lose much of its meaning in the case of autotetraploids (Maruer 1936).

Studies on linkage intensity in autotetraploids should be made with single
coupling data, because pachytene partner exchanges have less effect in increasing
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the excess recessives than they do with duplex data. There is also more even
segregation with single coupling results, thus allowing smaller numbers to yield
accurate data. No formulae have been devised which take pachytene partner
exchanges completely into account. MatHER’s (1936) method, however, was
developed for closely linked genes showing the single coupling gametic series and
considers double reduction, while the corresponding b Winton and HALDANE
(1931) formula is based entirely on chromosome segregation. In spite of the fact
that the procedure of the latter investigators takes neither partner exchanges nor
double reduction into account there is no other method which can be used for
genes having large recombination values. With present formulae, therefore,
accurate crossover values in autotetraploids can be obtained only from genes
showing less than 15 percent recombination.

Although each of the three regions in autotetraploid lg; gl. b v, maize is more
than 15 units in length, single coupling data would permit the calculation of «, the
index of double reduction. However, it is doubtful whether even single coupling
results analyzed by MaTaER’s (1936) method would give precise crossover values,
due to double crossing-over and pachytene partner exchanges between the re-
spective pairs of genes under consideration.

Fisuer (1947) demonstrated the combinatorial and statistical problems in-
volved in the theoretical analysis of linkage in polysomic inheritance. In studying
linkage in tetrasomics, Fisaer (1949) showed the value of using the offspring of
the first backcross to perform a second backcross to the recessive and presented
the crossover and double reduction results, based on second backcross progenies,
for two loci in Lythrum salicaria.

It would appear that a highly desirable combination of genes, from a spacing
standpoint, with which to study linkage in autotetraploid maize could be selected
in chromosome 5. The chief difficulty would be the time required in developing
a good tetraploid stock. Before attempting an analysis of linkage it would be ad-
visable to inbreed both the mutant and normal tetraploid strains for several
generations. Maternal diploid stocks could be acquired which would be identical
with the tetraploids, except that they would contain two sets of chromosomes
instead of four. An opportunity would then be available to determine accurately
the linkage intensities in autotetraploid maize, and to compare them with the
corresponding diploid values. Pollinations should be made in such a way that
crossing-over could be studied separately in the female and male.

SUMMARY

Autotetraploids have no strict segregation expectations for any gene, since
segregation is dependent on the way in which the eight chromatids of the first
meiotic division separate into four pairs during gamete formation. This leads to a
number of complications in the analysis of linkage in autotetraploids.

The linked genes employed in this investigation are located in the chromosome
2 linkage group of maize; their symbols and loci in the diploid are as follows:
lg, 11, gl, 30, B 49 and v, 83. The centromere is located approximately seven
units to the left of v,.



AUTOTETRAPLOIDS 395

The Ig; and gl, single gene ratios each tended to fit the expectations based on
random chromatid segregation, and the B and v, results approached chromosome
segregation.

Numerical nondisjunction was exhibited by 2.1 percent of the quadruplex
gametes studied in one experiment compared with a theoretical expectation of
five percent.

Asymmetrical coupling data showed that in most cases there were no sig-
nificant differences with chromosome segregation between the observed and ex-
pected numbers. This suggests that the strength of linkage of these genes is the
same in the diploid and autotetraploid.

The asymmetrical coupling data which did not vary significantly from the
numbers expected with chromosome segregation were used to calculate crossover
values. The autotetraploid crossover values in the Lg,—Gl, region in both the
female and male were significantly less than that of the diploid. All other possible
combinations of the crossover values for a single pair of genes showed differences
which were not significant.

Weaknesses of the formulae available for the estimation of large recombina-
tion values in autotetraploids are discussed.
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