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Summary. Previous studies of stocks of two Mutator-in-
duced mutable a7 alleles (af-Mum?2 and al-Mum3) gave
results consistent with the presence of one or more auton-
omous elements regulating the expression of mutability.
This article reports on the results of studies designed to
map these autonomous elements by using a series of
waxy marked translocations. Linkage of waxy with au-
tonomous elements was found for a/-Mum?2 by using the
translocations wx T2-9d, wx T4-9¢ and wx T4-9b. Sever-
al different linkage values were found in crosses involving
wx T2-9d, suggesting that autonomous elements have
transposed to different locations on chromosome 2.
Linkage of autonomous elements with waxy was found
for af-Mum3 using translocation wx T2-9d. Again, sev-
eral different linkage values were found. Some of these
values were the same as those observed for af-Mum2, but
some were unique. In some crosses, the number of auton-
omous elements increased by one or two unlinked ele-
ments in addition to the linked element in one generation
(i.e. the generation of the cross to the translocation se-
ries). Such an increase in number is probably the result of
transposition of the original autonomous element to an
independent locus while retaining the autonomous ele-
ment at the original locus. Reduction in the number of
autonomous elements is probably the result of the inde-
pendent assortment in crosses of plants with two or more
autonomous elements.
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Introduction

The Mutator transposable-element system of maize has
differed in the past from most other transposable-ele-
ment systems in lacking a demonstrable autonomous ele-
ment responsible for activating non-autonomous ele-
ments. This system was first characterized by its ability to
induce germinal mutation rates 40 fold or more that of
non-Mutator lines (Robertson 1978). The transmission of
this system did not behave in a Mendelian fashion when
first discovered. Ninety percent or more of the offspring
of a Mutator plant have germinal Mutator activity.
Robertson (1978) and Bennetzen (1984, 1987) observed
that such a pattern of inheritance could be accounted for
by the pressence of multiple autonomous elements or
regulators. The studies of germinal activity were unable
to demonstrate the regular transmission of a single au-
tonomous element.

After the isolation, molecular characterization and
analysis of the transmission of the Mu/f element of Muta-
for system, it became obvious that Muf and the similar
Mul.7 element were not autonomous elements of this
system (Alleman and Freeling 1986). At least 12 different
elements have been isolated and characterized: Muf,
Mul.7, Mul-del, Mu3, Mud4, Mu5, Mu6, Mu7, Mus8,
MuA, MuA2, and MuR{ (Barker et al. 1984; Chandler et
al. 1986; Taylor and Walbot 1987; Oishi and Freeling
1987; Varagona et al. 1987; Talbert and Chandler 1988;
Talbert et al. 1989; Schnable et al. 1989; Fleenor et al.
1990; Qin and Ellingboe 1990; Chomet et al. 1991; Quin
et al. 1991). Elements Muf through Mu8, in the above
list, are not autonomous elements, while recent evidence
suggests that elements MuA42 and MuR{, and possibly
MuA, are autonomous elements of the Mutator system
(Qin and Ellingboe 1990; Qin et al. 1991; Chomet 1991).
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Because MuA2 and MuR{ were isolated from the same
al-Mum?2 stock and their restriction maps are identical,
it i very likely that MuA42 and MuR{ represent but one
element isolated independently by different laboratories.

The isolation of Mutator-induced mutable alleles of
genes regulating anthocyanin biosynthesis in the
aleurone provided material that could be analyzed in a
manner similar to those that demonstrated autonomous
and nonautonomous elements in other transposable
DNA systems. Early attempts to do this with Mutator-in-
duced aleurone mutants were frustrated by the lack of
consistent Mendelian ratios of mutable and stable ker-
nels in outcross progenies or progenies of self-pollina-
tion. Occasional 1:1 (mutable:stable kernels) ratios in
outcrosses or 3:1 (mutable: stable kernels) ratios on self-
pollinated ears were observed, but these seemed to be
ephemeral occurrences not consistently transmitted to
future generations.

One factor responsible for the ephemeral nature of-

these ratios undoubtedly is the ready susceptibility of Mu
elements to the methylation (modification) of cytosine
bases at target sites for 5-methylcytosine-sensitive restric-
tion enzymes (Bennetzen 1985, 1987; Walbot et al. 1985;
Chandler and Walbot 1986; Bennetzen et al. 1988; Chan-
dler et al. 1988). The methylation of Mu elements in a line
with somatic mutability has been shown to hinder somat-
ic excision of Mu elements, resulting in stable kernels
(Chandler and Walbot 1986; Bennetzen et al. 1988). Such
stable mutant kernels are not the result of the loss of an
autonomous element but are rather the result of Mu-ele-
ment modification.

Another feature of the Mutator system is the possible
presence of weak autonomous elements that individually
result in only rare excisions of a non-autonomous ele-
ment from a locus resulting in kernels with one or two
reverent sectors, or in many instances, no reverent sec-
tors. The presence of such weak regulators was first sug-
gested by Robertson and Stinard (1989). Scheffler and
Peterson (1990) obtained results consistent with the pre-
sence of such elements in some lines. These data suggest
that these elements could have a cumulative (additive)
effects, resulting in a more intense mutability pattern and
a higher frequency of mutable kernels correlated with an
increased number of weak autonomous elements.

Robertson and Stinard (1989) for the first time pre-
sented evidence that heritable ratios consistent with the
segregation of one autonomous element could be derived
from Mutator stocks. Lines could be isolated from these
progenies that had only stable Mu-induced mutant ker-
nels as well as lines that did not have the Mu-induced
mutant kernels but carried the autonomous element.
When these two lines were intercrossed, somatic mutabil-
ity was restored in ratios indicative of the presence of a
single autonomous element. It was the availability of
these lines with a single autonomous element that eventu-

ally led to the isolation of the autonomous element (Qin
et al. 1991; Chomet et al. 1991).

Schnable and Peterson (1989) and Schnable et al.
(1989) demonstrated that Cy and rcy (autonomous and
non-autonomous elements, respectively) were part of the
Mutator system. This was true at the genetic level because
Mutator lines induced mutability in the stable bz-rcy al-
lele (Schnable and Peterson 1989) and at the molecular
level when it was shown that rcy was a member of the Mu
family of elements (Schnable et al. 1989). Thus, the first
autonomous element of the Mutator system demonstrat-
ed genetically was Cy. Before the work of Robertson and
Stinard (1989), however, individual autonomous ele-
ments had not been demonstrated genetically from
Robertson’s Mutator lines.

This report describes the successful mapping of au-
tonomous elements from stocks developed by Robertson
and Stinard (1989) and provides some insight into their
behavior as they are transmitted from one generation to
another.

Materials and methods

The two Mutaror-induced mutable af mutants, af-Mum?2 and
al-Mum3, were used in these tests. (See Table 1 for the definition
of terms and symbols used in this paper.) The mutants were
produced in an isolation plot in which the male rows were purple
aleurone Mutator stocks, and the female rows were of the geno-
type af af sh2 sh2. The mutants were isolated as yellow plump
kernels with purple spotting (i.¢. mutable). In the early genera-
tions of propagation of these mutants, stable (non-mutable)
kernels were observed, but not in ratios that would indicate a
Mendelian pattern of inheritance for one or more autonomous
element regulating the mutability. After several generations of
outcrossing to af sh2 testers, some ears were found that had 1:1
ratios of mutable to stable kernels, expected if a single auton-
omous element was segregating. Further tests of such ears sup-
ported the single autonomous element hypothesis (Robertson
and Stinard 1989). The most efficient way to locate an au-
tonomous element to a particular chromosomal position is to
perform a cross to a series of waxy-linked chromosome nine
translocations with their second break-points distributed among
the other chromosomes. If the autonomous element is on the
non-chromosome-nine chromosome and closely linked to the
break-point, linkage will be established between wx and the
autonomous element. The scries of tramslocations utilized in
these tests are shown in Table 2. In addition to the transloca-
tions series, crosses also were made with a non-translocation
waxy stock.

Plants from mutable kernels of af-Mum?2 and af-Mum3
stocks segregating for one or more putative regulators (Table 3)
were crossed to the translocations stocks that, in most instances,
were homozygous. The germs of the mutable parental kernels
were of the putative genotype af-Mum sh2/al sh2, Af+. The F,
plants were outcrossed as males onto the af wx tester stocks
(Table 1). Crosses could be made only in this direction because
most of the translocation stocks were homozygous for the reces-
sive r allele. If crosses had been made in the reciprocal direction,
R mottling would have occurred, making mutability classifica-
tion impossible.



Table 1. Definition of terms and symbols

Al The dominant allele at the af locus. One of the
many complementary genes necessary for the pro-
duction of anthocyanin-pigments in the aleurome

al The standard recessive allele of 47, which, when _

homozygous, prevents the production of anthocy-
canin pigments in the aleurone

sh2 A recessive allele responsible for kernels with a
shrunken or brittle phenotype. The af and sh2 loci
are tightly linked with only 0.2% of recombina-
tion between them

al sh2 A tester stock homozygous for af and sh2

wx waxy, a recessive gene that alters the starch con-
tent of the kernel resulting in a waxy phenotype

Wx The wild-type allele at the wx locus (phenotype is

starchy)

Autonomous A transposable DNA element capable of encod-

element (A) ing for its own excision and insertion as well as the
excision and insertion of non-autonomous ele-
ments (see below). (Alternative terms for this ele-
ment are regulator or controlling element.)

Non-auton- An element of a transposable DNA system that

omous has lost the ability to transpose on its own, but

element will transpose in the presence of an active au-
tonomous element in the genome

1:1 ratio Ratio of mutable to stable af kernels on outcross

ears. [In most instances the crosses were putative-
ly (ai-Mum Sh2/al sh2, A/+) xal sh2 tester.
Only the S#2 kernels are scored to determine the
ratio.]

al al wx wx A tester stock homozygous for af and wx. All
genes other than af required for aleurone color
are homozygous

Mutability was measured on the same five-class scale used
by Robertson and Stinard (1989). Kernels in classes 3 and 4 were
counted as mutable, and those in classes 2 and 1 were counted
as stable [see Robertson and Stinard (1989) for the rationale for
this classification procedure.] Linkage with waxy, and, thus,
with the break-point in the other chromosome involved in the
translocation with chromosome nine, was determined by stan-
dard linkage procedures. (See Fig. 1 for a diagram of the crosses
made to determine linkage between autonomous elements and
waxy.)

In some crosses there was evidence for more than 1 au-
tonomous element. Ratios of 3:1 and 7:1 for mutable to stable
classes indicate the segregation of two or threc autonomous
elements, respectively. For example, in some crosses with wx
T2-9d, there was evidence of linkage of an autonomous element
with wx and the presence of 1 or 2 independent autonomous
elements. The expected frequencies of phenotypic classes for
situations with 1 linked and 1 or 2 unlinked autonomous ele-
ments were calculated as shown in Fig. 2 and 3.

There were no outcrosses of F, plants with wx T9-4b and wx
T9-4¢ that had only one autonomous linked to waxy. However,
there were outcrosses with 1 autonomous element linked to wx
and 1 or 2 additional independent autonomous elements. The
procedure used to calculate the amount of linkage and the fre-
quencies of the expected phenotypic classes in these crosses is
shown in Fig. 4.
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Table 2. Translocations utilized in this study and their break-
points

Translocation Breakpoints®

1-9 4995 tL.19 95.20
1-9 8918 18.21 9L.20
1-9¢ 15.48 91.22
1-9 8460 15.13 9L.24
1-9 8389 11L.74 9L.13
1-9 8886 1L.33 9L.23
2-9b 28.18 9L.22
2-9d 2L.83 9L.27
3-9¢ 3L.09 9L.12
3-9 8447 35.44 9L.14
4-9¢ 48.27 9L.27
4-9 5657 41..33 98.25
4-9 6504 41..09 98.83
4-9e 48.53 9L.26
4-9b 41..90 9L.29
5-9a SL.69 98.17
5-9 4790 SL.34 9L.45
5-9¢ 5S8.07 9L.10
6-9b 6L.10 9S.37
6-9¢ 6L.18 91..24
7-9a 7L.63 95.07
7-9 4363 7 ctr. 9 ctr.
8-9d 8L.09 9S.16
8-9 6673 8L.35 9S.31
9-10b 10S.40 9S.13
9-10 8630 10L.37 9S.28

* L and S represent the long arm and short arm of the chromo-
some, respectively. Decimal values are the positions of break-
points, as measured from the centromere relative to the total
length of the chromosome arm. Positions of breakpoints deter-
mined by Longley (1961)

Mutant alleles tested: a? - Mum2 & a1 - Mum3

1.1 ear (i.e. 1/2 mutable, 1/2 stable kernels)

Plants of the wx
Translocation Series

Plants from
Mutable Kernels

atalwxwx X Fy

Ears segregating Mutable
and Stable Kernels screened
for linkage with waxy
Fig. 1. A diagram of the crosses made to determine linkage
between autonomous elements and waxy

With but few exceptions, most of the testcrosses had less
than the expected 50% waxy kernels. A deficiency of the trans-
mission of the wx allele is a frequently observed phenomenon
when heterozygous waxy plants are testcrossed as males. To
compensate for the effect of such a reduced transmission of wx
on recombination values, the waxy class was increased in num-
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Table 3. Stocks segregating for putative autonomous elements utilized in this study

Stocks crossed Ratio of mutable to Allele Source of the stock
to translocations stable kernels of stocks

listed in column 1
86-2280-1 1:1 al-Mum3 New 1:1
86-2280-3 1:1 al-Mum3 New 1:1
86-8442-4 1:1 al-Mum3 Robertson and Stinard (1989) Table 5
86-87-8849-1 11 al-Mum?2 Robertson and Stinard (1989) Table 3
87-4191-4 1:1 al-Mum2 Robertson and Stinard (1989) Table 3
87-4191-8T 60.29% mutable® al-Mum2 Robertson and Stinard (1989) Table 3
87-4195-8 1:1 al-Mum3 Robertson and Stinard (1989) Table 5
87-6261-8 1:1 al-Mum2 Robertson and Stinard (1989) Table 4
88-1173-8 1:1 af-Mum3 New 1:1
88-1179-1 1:1 Al-Mum3 New 1:1

2 When tested by using x> for agreement with a 1:1 ratio, this value was different at the 5% but not at 1% level of significance

Frequencies of
the presence of
(A2) or the
absence of (+)
the second Expected
Class frequencies independent frequencies of
from Table 5, autonomous indicated kernel
Cross D element phenotypes
X0.5A2 = 0.22322 Mut Wx
Mut Wx  (0.44643) <
x05+ = 0.22322 Mut Wx

x 0.5A2 = 0.21726 Mut wx
Stable wx (043452)<

TS x05+ - 0.21726 Stable wr

x0.5A2 = 0.02678 Mut Wx
Stable W (0.05357)/

TS X05+ < 0.02678 Stable Wx

0.03274 Mut wx
Mut wx

X0542 =
(0.06548) —

TN x05+ = 0.03274 Mutwr

Parental Classes Cross-over Classes

Mut Stable Stable Mut Total
Wx wx Wx wx (Table 6)
Expt. freq. of
each class 0.47322 0.21726 0.02678 0.28274
Observed@ 393 209 23 207 832
Expected & 393.72 180.76 22.28 235.24 832

X2=78266 p>5%and<2%

® The number of kernels observed in each class (Table 5) and
expected number of kernels in each class as calculated from the
expected frequencies

Fig. 2. Method for calculating expected classes for Table 5.
(One linked and one unlinked autonomous element)

ber to match the number of starchy kernels observed. The added
waxy kernels were distributed among the mutable and stable
classes in the relative proportions that these classes occurred in
the raw data. The numbers of kernels in each class were rounded
to the nearest whole kernel. Although this creates an artificial
condition in which the number of starchy and waxy kernels are
equal, a condition rarely observed in the raw data, the resuliing
recombination values probably approach more closely the true
values than those calculated from raw data. These adjusted
values and recombination frequencies are designated as “cor-

Frequencies of

Frequencies of
the presence of

the presence of

(A2) or the (A3) or the
absence of (+) absence of (+}
the first the second Expected
Class frequencies independent independent frequencies of
from total population autonomous autonomous indicated kernel
of Table 10 element element phenotypes
x 0.5 = 0.1010 Mut

x 0582 = X OAS i

T x05+

Mut W (0.4041) <

= 0.1010 Mut Wx

<05+ <X0.5A3 = 0.1010 Mut Wx
x05+ = 0.1010 Mut Wx

K O.5A2 = x 0.5A3 = 0.0980 Mut wx
T TTT——x05+ = 0.0980 Mutwx

____—x05A3 =  0.0980 Mutwx
X0 05+ <  0.0980 Stable wx
 05Ap e X05A3 = 0.0240 Mut Wy
TTT——x05+ = 0.0240 Mut Wx
0.0240 Mut Wx
= 0.0240 Stable Wx
0.0270 Mut wx
= 0.0270 Mut wx
0.0270 Mut wx
0.0270 Mut wx

Stable wx (0.3922) \

e

Stable Wx (0.0959) '

Mutwr  (0.1078) <

Parental Classes Cross-over Classes

Mut Stable Stable Mut Total
Wx wx Wx wx (Table 11)
Expt. freq. of
each class 0.4760 0.0980 0.0240  0.4020
Observed? 40 10 1 31 82
Expected @ 39.032 8.036 1.968 32.964 82

X2=1.0972 p>80%and <70%

2 The number of kernels observed in each class (Table 10) and
the expected number of kernels in each class as calculated from
the expected frequencies

Fig. 3. Method for calculating expected classes for Table 10.
(One linked and two unlinked autonomous elements)

rected”. Seldom do the recombination values determined from
the raw data differ by more than 1% or 2% from those calculat-
ed by using the corrected values. Thus, even without this correc-
tion, the data to be presented still provide overwhelming evi-
dence for the linkage of autonomous elements with various
translocations.



Calculated C.O. freq.
with one linked
autonomous element

Values in ( )=
calculated frequencies
of gametic classes @

X 0.5A3 = Mut Wx (0.1174)

x0 5A2\
x05+ = MutWx (0.1174)

Mut Wx  (0.4696)

_—x0.5A3 = MutWx (0.1174)

x 0.5+ .
x05+ = MutWx (0.1174)
(0.1174)

x 0.5A3 = Mutwx
x 0.5A2_
x05+ = Mutwx (0.1174)
Stable wx (0.4696)
Mutwe  (0.1174)
x 0.5 +
T~x05+ = Stablewx (0.1174)
__-x05A3 = Mut Wx  (0.0076)
T~X05+ = MutWx  (0.0078)
_-Xx05A3 = MutWx  (0.0076)

x 0.5+
T~x05+ ={Stable Wx - obs. freq. = 0.0076

1/2 the freq. of C.O.
_ .0.0076 _
= 55x0.5 - 00504

X 0.5A3 = Mutwx  (0.0076

<
o
wn
>
o

Stable Wx (0.0304)

/N /N /N
\

)
x 0.5A2
yd TS~x05+ = Mutwr (0.0076)
Mut wx (0.0304)
x 0.5A3 = Mutwx  (0.0076)
N x05+<_
x0.5+ = Mutwx (0.0076)
% C.0.=6.08%
Parental Classes Cross-over Classes
Mut Stable Stable Mut Total
Wx wx Wx wx (Table 8)
Expt. freq. of
each class 04924 0.1174 0.0076 0.3826
Observedb 194 37 3 157 394
Expected b 194.01  46.26 2.99 150.74 394

X2 = observed vs. expected = 1.0711  p > 80% and < 70%

* Because the amount of linkage of the linked autonomous
element is unknown, it is calculated as shown on the Figure,
using the observed frequency of the stable wx class (one of the
cross-over classes.). Once the frequency of the cross-over class is
determined, the expected frequencies of the parental and the
cross-over classes can be calculated for the linked autonomous
element. With these values the expected frequencies of the other
15 gametic classes can be determined, as shown. From these
gametic frequencies, the expected frequencies of the parental
and cross-over classes can be determined

* The number of kernels observed in each class (Table 7) and the
expected number of kernels in each class as calculated from the
expected frequencies

Fig. 4. Method for calculating expected classes in Table 7 (cross
with one linked plus two unlinked autonomous elements)

Another consistent feature of the observed ratios is the con-
sistent deficiency in the stable kernels compared with the muta-
ble ones. This discrepancy is eliminated when the correction is
made for the waxy deficiency because such a correction results
in increases in the stable wx parental and wx mutable cross-over
classes. In all instances, whether one, two or three regulators are
present, the corrected mutable :stable ratios never differ signifi-
cantly (i.e. P was never less than 0.05) from the expected ratio
for the number of autonomous elements segregating.

Because of variations in the maturity of both the af-Mum
and the translocation stocks, no single af-Mum plant was
crossed to all translocations. Furthermore, only a quarter of the
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Fig. 5. A graphic presentation of cross-over values and stan-
dard errors for individual crosses with one autonomous element
linked to wx T2-9d. Crosses A through G are af/-Mum?2 crosses
from Table 4, and crosses H through L are af-Mum3 crosses
from Table 9. One the A—G side of the graph * ** and N.S.
found above the positive standard error bar represent the signif-
icance of the differences of the cross-over values of each cross
(A—F) with the cross-over value of cross G [significant differ-
ences at the 5% level (¥), at the 1% level (**) and no significant
difference (NV. S.)]. Likewise the significance indicated below the
negative standard error bar represent the significance of the
cross-over differences of crosses B—G compared with the cross-
over value of cross 4. The same pattern is followed on the H—L
side. Values above the positive standard error bar indicate the
significance of the differences in cross-over values of I-L as
compared with the cross-over value of cross H, and the signifi-
cance of the differences in the cross-over values for cross L
compared with the cross-over values of crosses K— H are indicat-
ed below the negative standard error bar

outcrosses to the translocations were by plants that carried both
the autonomous element(s) and the af/-Mum allele, thus reduc-
ing the number of crosses that provided useful information.
Both these factors reduced the likelihood of performing a cross
that would provide evidence of linkage. The only instances in
which linkage was indicated are included in this report.

In Tables 5 and 10, crossing-over values for the sum of all
crosses were calculated by the method of Phillips (1969). Hetero-
geneity chi-squares for Tables 5 and 10 were calculated by using
the formula of Brandt and Snedecor as described by Kempt-
horne (1969).

The standard error of individual crosses was calculated as
follows:

SE=./pg/n.

To determine the significance or lack of significance between
the cross-over values of two different crosses, t-values were cal-
culated as

t=(qt —q2)//plglinl + p2q2/n2.

The significance of the #-value was used to determine if the two
recombination frequencies were significantly different.
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Table 4. Testcrosses of wx T2-9d/af-Mum?2 with af af wx wx showing linkage of wx with one autonomous element

Cross®  Parental classes  Cross-over classes Total Wx/wx %c.o. SE Plant crossed Number of au-
to transloca- tonomous ele-
Mutable Stable  Stable Mutable tion series ments in plant
Wx wx Wx wx crossed to trans-
location series

90-5001-6 A Obs® 43 27 3 1 74 1.6429 541 89-4001-2 1
4003-9 Corr® 43 44 3 2 92 543 +2.36

90-5012-3 B Obs 47 37 3 6 93 1.1628 9.68 89-4001-2 1
4005-9 Corr 47 43 3 7 100 10.00 +3.00

90-5007-4 C Obs 76 37 5 8 126 1.8000 10.32 89-4001-2 1
4003-10 Corr 76 67 5 14 162 11.73 +£2.54

90-5010-9 D Obs 75 67 9 10 161 1.0909 11.80 89-3001-9 2
4007-7 Corr 75 73 9 11 168 1190 +2.50

90-5004-8 E Obs 121 79 11 16 227 1.3894 11.89 89-4001-2 1
4004-9 Corr 121 110 11 22 264 12.50 +£2.03

90-5001-5 F Obs 51 52 10 8 121 1.0167 14.88 89-4001-2 1
4001-1 Corr 51 53 10 8 122 14.75 +3.21

89-90-4508-9 G Obs 91 62 25 13 191 1.5467 19.90 89-4001-2 1
3509-2 Corr 91 96 25 20 232 1940 +2.60
Totals Obs 504 361 66 62 993 1.3475 11.73 +1.01
Corr 504 486 66 84 1,140 13.15 +0.96

2 Letters assigned to the crosses in Fig. 7

b Obs, Observed values; Corr, values corrected for the deficiency of waxy kernels

Results

In 29 of 78 testcrosses (af af wx wx x wx T/al-Mum)
exhibiting mutability, the mutability was linked to wx.
The aif-Mum?2 stocks showed linkage with T2-9d, T4-9¢
and T4-9b, whereas the af-Mum3 stocks only showed
linkages with T2-9d.

The crosses of a-Mum2 with only one autonomous
element linked to wx T2-9d (Table 4) showed some vari-
ation in the amount of crossing-over; from a low of
5.43% to a high of 19.40% (corrected values). These
cross-over values and their standard errors are shown
graphically in Fig. 5. The extreme values differ very sig-
nificantly (at the 1% level). Thus, we know that there are
elements at at least two different positions on the chro-
mosome. There are four values that differ significantly
(at the 5% level) from the cross with 19.40% crossing-
over. Also, there are two values that differ significantly
(at the 1% level) from the cross with 5.43% crossing-
over. These observations suggest that some of the inter-
mediate cross-over values may represent elements at oth-
er positions between the two extremes. A homogeneity ¥?
value for these crosses is significant at the 5% level,
confirming that some of the elements are at different
locations on the chromosome.

Note that it has been assumed in Fig. 5 that these
elements with different cross-over values map in only one
direction from the break-point (proximal). There is no
reason to believe that this is necessarily true. Some ele-

ments could be located about the same distance proximal
to the break-point as others are distal, or for that matter,
the elements could all map distally. Two-point linkage
tests fail to give direction. In Fig. 5, they are shown prox-
imal to demonstrate that, even under this condition,
there is evidence that regulators are found at different
positions from the break-point. If some of the elements
are proximal, then there could be elements at more loci
than is indicated by the plot in Fig. 5. If there are several
real differences in the percentage recombination, as the
statistics suggest, these data indicate that the au-
tonomous element may have transposed from one loca-
tion on chromosome two to another. Alternatively, the
different positions of elements on chromosome two may
be due to the 1 or 2 elements in the original 1:1 parents
transposing from some other chromosome into different
positions on chromosome two during the crosses leading
up to the 1:1 stocks that were crossed with the transloca-
tion series. Plants grown from kernels of two different
1:1 ears (i.e. 89-4001-2, 89-3001-9) were crossed to wx
T2-9d. The cross-over value for the 1-autonomous-ele-
ment outcross of 89-3001-9 is very close to some of
the cross-over values observed for the outocrosses of
89-4001-2 (see crosses C, D, E, Table 4 and Fig. 5). These
1:1 ears may have carried the same autonomous element
at the identical locus as the result of descent from a
common progenitor (i.e. the original a/-Mum2 mutation
event). Alternatively, their common values may be coin-
cidental.
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Table 5. Testcrosses of wx T2-9d/af-Mum2 with a! ail wx wx showing linkage of wx with one autonomous element plus a second

independent autonomous elements

Parental classes Cross-over classes Total Wx/wx Plant crossed ~ Number of au-
to translocation tonomous elements
Mutable Stable Stable Mutable series in plant crossed to
Wx wx Wx wx translocation series
89-90-4534-6
3537-3 24 11 2 23 60 89-3001-9 2
90-5006-5
4006-3 102 30 9 49 190 89-3001-9 2
90-5006-4
4009-8 97 44 5 39 185 89-3001-9 2
90-5007-1
4011-1 136 73 5 43 257 89-3001-9 2
90-5010-7
4011-4 34 17 2 19 72 89-3001-9 2
Totals 393 175 23 173 764 1.1954
Corrected totals® 393 209 23 207 832
Expected totals®  393.72  180.76 22.28 235.24 832

x> observed versus expected = 7.826

P < 5% and >2% (x> value at 5% is 7.815)

# Corrected for the deficiency of waxy kernels

® Expected totals calculated by using the cross-over values from the corrected data of cross cross D from Table 5 and assuming

independence for the second autonomous elements

Plant 89-3001-9 showed evidence of carrying 2 au-
tonomous elements. The testcross of one ¥, plant with af
al wx wx (Table 4) indicates the presence of only 1 au-
tonomous element. Testcrosses of other F, plants gave
results consistent with the presence of 1 autonomous
element linked to wx plus an additional 1 or 2 indepen-
dent autonomous elements (Tables 5 and 6). The results
from Tables 4, 5 and 6 demonstrate that the number of
autonomous elements can either increase or decrease
with a single generation of outcrossing.

Table 5 summarizes the data from crosses with an
autonomous element linked to wx T2-9d plus a second
independent autonomous element. The observed and ex-
pected results are significantly different at the 5% level of
significance but not at the 1% level. This is the only
instance where expected and observed results differ at the
5% level of significance. The expected results were calcu-
lated by using the corrected linkage value of cross D
(Table 4) because this cross and all the crosses in Table 5
shared the same 1:1 parent plant (89-3001-9). Thus, it is
likely that the autonomous element linked to wx T2-9d is
at the same position in both the F; plant with 1 linked
autonomous element and the F, plants with a second
independent autonomous element. At the 1% level of
significance, the results support this hypothesis.

Table 6 summarizes the data from crosses with an
autonomous element linked to wx T2-9d and 2 additional
independent autonomous elements. Again, the corrected
linkage value of cross D in Table 4 was used to calculate

expected values because all but one cross in Table 6 in-
volved plant 89-3001-9. The data do not differ signifi-
cantly from the expected values. The first cross of Table 6
came from an af-Mum?2 plant (89-4001-2) that had only
1 autonomous element; yet, now, 3 are observed, 1 linked
to wx T2-9d and 2 others at independent locations. Plant
89-3001-9 contributed to testcrosses in Tables 4, 5 and 6.
This plant carried 2 independent autonomous elements,
1 of which is shown to be linked to wx T2-9d (Table 4).
In these outcross progeny, however, 1 additional inde-
pendent element is present.

Two crosses of wx T4-9b/ai-Mum2 gave results con-
sistent with an autonomous element linked to wx T4-9b
(4L.90, 9L.29) and 1 or 2 additional independent au-
tonomous elements (Table 7). The cross-over value
(6.08%) and the chi-square test for the cross with 2 inde-
pendent autonomous elements is not reliable because
there were only three kernels in the starchy, stable class,
which was the class used to estimate the amount of
crossing-over. However, all classes show close agreement
between observed and expected values. Thus, there is a
strong indication of linkage of an autonomous element
with the wx T4-9b break-point, with a cross-over value
that is probably not greatly different from the estimated
one (6.08%). The linked autonomous element in the
crosses with 1 independent element is linked to wx with
20.12% recombination. The cross-over value for the two
sets of crosses differ at the 1% level of significance. The
significance determination, however, was made by as-
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Table 6. Testcrosses of wx T2-9d/af-Mum2 with af af wx wx showing linkage of wx with one autonomous element plus two

independent autonomous elements

Parental classes Cross-over classes Total Wx/wx Plant crossed  Number of au-
to translocation tonomous elements
Mutable Stable Stable  Mutable series in plant crossed to
Wx wx Wx wx translocation series
90-5002-3
4002-7 123 28 4 88 243 89-4001-2 1
90-5006-7
4007-8 154 20 1 79 264 89-3001-9 2
90-5005-4
4008-2 107 30 5 72 214 89-3001-9 2
90-5010-2
4010-2 105 23 2 74 204 89-3001-9 2
Totals 489 101 22 313 925 1.2343
Corrected totals® 489 125 22 386 1,022
Expected totals®  497.32  111.02 13.65 399.98

¥2 observed versus expected = 7.4483 P < 10% and <5%

2 Corrected for the deficiency of waxy kernels

® Expected totals calculated by using the cross-over values from the corrected data of cross cross D from Table 5 and assuming two

additional idependent autonomous elements

Table 7. Testcrosses of wx T4-9b/af-Mum?2 with af af wx wx showing linkage of wx with one autonomous element plus one or two

independent autonomous elements

Parental classes Cross-over classes Total Wx/wx Plant crossed ~ Number of au-
to translocation tonomous elements
Mutable Stable Stable  Mutable series in plant crossed to
Wx wx Wx wx translocation series
Crosses with one independent autonomous element
90-5011-8
4013-4 81 49 19 53 202 89-3001-1T 2
98-99-4541-1
3540-7 98 31 1 45 175 89-3001-1T 2
Totals 179 80 20 98 377 1.1180
Corrected totals®* 179 89 20 110 398
Expected totals 17898  79.48 20.02 119.52 398 (assuming 20.12% c.0.)
¥* observed versus expected = 1.2161 P> 80% and <70%
Crosses with two independent autonomous elements
89-90-4533-5
3540-6 89 25 1 66 181 89-3001-1T 2
89-90-4539-9
3540-1 105 12 2 79 198 89-3001-1T 2
Totals 194 37 3 145 379 1.0824
Corrected totals® 194 40 3 157 394

2.99 150.74
P> 80% and <70%

Expected totals 194.01  46.26
x* observed versus expected = 1.0711

(assuming 6.08% c.o.)

® Corrected for the deficiency of waxy kernels

suming the 6.08% recombination value is reliable, which
is not necessarily so. Three crosses involving wx T4-9e
(48.53, 91..26) and a1-Mum?2 produced plants with 1 au-
tonomous element linked to this translocation plus 1
independent autonomous clement (one plant) or 2 inde-

pendent autonomous elements (two plants, Table 8). For
both these situations the observed values do not differ
significantly from the predicted values estimated by using
the frequency of the stable, starchy classes (0.0719 and
0.0460, respectively) to calculate the expected frequencis.
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Table 8, Testcrosses of wx T4-9¢/ai-Mum2 with af al wx wx showing linkage of wx with one autonomous element plus one or two

independent autonomous elements

Parental classes Cross-over classes Total Wx/wx Plant crossed ~ Number of au-
to translocation tonomous elements
Mutable Stable Stable Mutable series in plant crossed to
Wx wx Wx wx translocation series
Crosses with one independent autonomous element
90-5020-8
4015-1 60 29 9 33 131 1.1129 89-3001-4 3
Corrected® 60 32 10 37 139
Expected 59.51 24.76 9.99 42.74 139 (assuming 28.70% c.0.)
x> observed versus expected = 3.4600 P> 50% and <30%
Crosses with two independent autonomous elements
89-90-4528-1
3528-2 45 10 6 39 100 89-3001-4 3
89-90-4528-2 -
3528-4 34 11 2 41 88 89-3001-4 3
Totals 79 21 8 80 188 0.8614
Corrected totals® 79 18 8 69 174
Expected 79.00 13.75 8.00 73.25 (assuming 36.79% c.0.)

x> observed versus expected = 1.5602 P> 70% and < 50%

2 Corrected for the deficiency of waxy kernels
® Corrected for the deficiency of starchy kernels

Table 9. Testcrosses of wx T2-9d/af-Mum3 with af aif wx wx showing linkage of wx with one autonomous element

Cross® Parental classes ~ Cross-over classes Total Wx/wx %c.o. SE Plant crossed Number of au-
to transloca-  tonomous ele-
Mutable Stable Stable Mutable tion series ments in plant
Wx wx Wx wx crossed to trans-
location series
90-847-1 H Obs® 105 74 32 37 248 1.2342 27.82 88-9009-4 1
747-6 Corr® 105 91 32 46 274 28.47 +2.73
90-847-3 I Obs 93 97 30 17 237 1.0789 19.83 88-9009-4 1
747-7 Corr 93 105 30 18 246 19.51 +2.53
90-842-5 J Obs 40 33 14 4 91 14595 19.78 88-9009-4 1
748-7 Corr 40 48 14 6 108 18.52 +3.74
90-845-4 K Obs 55 24 4 8 91  1.8438 13.19 88-9009-4 1
745-3 Corr 55 44 4 15 118 16.10 +3.38
90-6255-6 L Obs 78 83 8 16 185 0.8687 12.97 85-9009-4 1
5254-4 Corr 78 72 8 14 172 12.79 +2.55
Totals Obs 371 311 88 82 852 1.1679 17.83 +1.31
Corr 371 360 88 99 918 20.04 +1.29

# Letters assigned to the crosses in Fig. 7

® Obs, Observed values; Corr, values corrected for the deficiency or surplus of waxy kernels

Use of these values gives estimates of wx to regulator
distances of 28.70 and 36.79, respectively. All of the
crosses of Table 8 are derived from the same 1:1 af-
Mum?2 plant, which had 3 autonomous elements. Thus, it
is possible that the same autonomous element located at
the same position relative to the translocation break-
point is present in the plants with one and two indepen-

dent regulators. The difference between the two cross-
over values (8.09%) is not statistically significant.
Evidence for linkage of an autonomous element to wx
T2-9d was also found in a 1:1 af-Mum3 test (Table 9).
The corrected crossing-over for the total population was
20.04%, which is significantly greater than that observed
for the af-Mum2 linkage with the same translocation
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(13.15%, Table4). Some of the individual af-Mum3
cross-over frequencies, however, do not differ signifi-
cantly from those observed in the af-Mum?2 crosses. Val-
ues of between 12% and 20% are found in both sets of
testcrosses. The Table 4 recombination values of crosses
B, C, D, E and F do not differ significantly at the 1%
level of significance from those of crosses L, K and J of
Table 9 (see also Fig. 5). The recombination value of
cross G in Table 4 is not significantly different at the 1%
level from those of crossed I, J and K of Table 9. One
al-Mum?2 cross has a cross-over value considerably less
(5.43%) than any found for af-Mum3 crosses, and one
al-Mum3 cross has a value of 28.47%, which is consider-
ably higher than any found for af-Mum2. The af-Mum?2
and a1-Mum3 alleles were produced in the same isolation
plot in which purple aleurone Mutator plants were used
as male parents. It is possible that these two mutant
alleles arose from a sector in the tassel of a purple Muza-
tor plant and, thus, might have had some autonomous
elements in common. Analyses of the original isolates of
these mutants in their immediate progenies and in later
generations indicated that multiple regulators of somatic
mutability were present in the genomes of these mutants
when they were first isolated. Even if af-Mum2 and
al-Mum3 are not derived from a single mutation event
but arose independently, they nonetheless were induced
in a common purple aleurone Mutator population, and
thus, progeny plants carrying the independent mutations
could have many autonomous elements in common.
Therefore, it is possible that lines carrying the different
al-Mum alleles have a common autonomous element on
the long arm of chromosome two.

One testcross of a wx T2-9d/af-Mum3 F, segregated
for an autonomous element linked to the translocation
plus 2 independent autonomous elements (Table 10). The
chi-square test in this instance is not reliable because only
one starchy, stable kernel was observed. However, the
expected frequencies of all classes are in close agreement
with the observed values, suggesting that this cross in-
deed involves 2 independent autonomous elements and a

linked autonomous element, with about 9.76% crossing-
over with wx.

Discussion

These studies and the molecular analyses of Qin et al.
(1991) and Chomet et al. (1991) demonstrate that the
Mutator system has an autonomous element regulating
its own transposition and the transposition of other Mu-
tator elements. The outcross DR1 utilized by Qin et al.
(1991) in the isolation of MuA2 was derived from the
same original 1:1 ear as that used in these linkage stud-
ies. Thus, one region where this element can insert is
known to be the long arm of chromosome two.

The autonomous elements of the Mutator system
readily undergo replicative transposition. Plant 89-3001-9
(al-Mum2), with 2 autonomous elements, was out-
crossed to the translocation series, followed by testcross-
ing of the next generation. In three of the progeny of the
crosses of this plant to wx T2-9d that showed linkage, the
number of autonomous elements had increased from the
2 found in the parent to 3 in the testcrosses (Table 6).
Also, one sibling plant of 89-3001-9, 89-3001T, with 2
autonomous elements in the parent, went from 2 to 3 in
the testcross (Table 7). The ai-Mum3 plant that was
crossed to wx T2-9d, 88-9009-4, had only 1 autonomous
element. In most testcrosses of the F,, only 1 was re-
tained. In one cross, however, 2 additional autonomous
elements were found (Table 10).

The autonomous elements that have been mapped
regulate somatic mutability. Their role, if any, in regulat-
ing germ-line activity of the Mutator system (i.e. the
induction of new mutations) has not been determined.
There are many observations of lines with intense somat-
ic mutability, including the mutability observed in lines
segregating for 1 or more autonomous elements con-
trolling somatic activity, that do not have germinal activ-
ity (Robertson et al. 1988; Robertson and Stinard 1989).
However, there are some somatically mutable lines that

Table 10. Results of a testcross of wx T2-9d/af-Mum3 with af af wx wx showing linkage of wx with one autonomous element plus

two independent autonomous elements

Parental classes Cross-over classes Total Wx[wx Plant crossed ~ Number of au-
to translocation tonomous elements

Mutable Stable Stable Mutable series in plant crossed to
Wx wx Wx wx translocation series

90-748-77

745-3 40 5 1 16 62 1.9524 88-9009-4 1
Corrected? 40 10 1 31 82 (assuming 9.76% c.0.)
Expected 39.032 8.036 1.968 32.964

%? observed versus expected = 1.0972 P> 80% and >70%

2 Corrected for the deficiency of waxy kernels



do have germinal activity. Attempts to restore germinal
activity to Mutaror lines that have been continually out-
crossed and have lost germinal activity by crossing with
stocks with an autonomous element have failed (unpub-
lished results). Although some lines with somatic muta-
bility do have germinal activity, all lines that have been
without somatic mutability for at least two generations
have also lost germinal activity (Robertson et al. 1988).
Thus, there seems to be a direct connection between the
absence of somatic activity and the loss of germinal activ-
ity. However, no such direct connection exists between
the presence of somatic activity and germinal activity.
Thus, there is some relationship between the presence or
absence of an autonomous element and germinal activ-
ity, but the nature of this relationship remains to be
established.

Conclusions

(1) Ears that have 1:1 or other ratios of mutable:stable
kernels, indicative of the presence of 1 or more auton-
omous elements regulating somatic mutability, have been
shown to be carrying autonomous elements that can be
mapped to chromosome locations by using standard
linkage tests. In the stocks tested, autonomous elements
have been located to the long arm of chromosome two
and to the long and short arms of chromosome four.

(2) In different sibling plants from an outcross of a
single plant to wx T2-9d, several different cross-over val-
ues are observed between wx and a linked autonomous
element, suggesting that the autonomous element on
chromosome two may be transposing to different posi-
tions on the chromosome.

(3) Autonomous elements regulating somatic muta-
bility of Mutator-induced mutants can both increase and
decrease in number from one generation to the next. In
these studies, the increase in number is probably the
result of the transposition of the autonomous element to
a locus independent of its original site, plus its retention
at the original site. The decrease in number is undoubted-
ly the result of the independent assortment of unlinked
autonomous elements.
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