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ABSTRACT 
Evidence is presented that at least 12 of the Mu-inducedyg2 mutants found in an extensive mutation 

analysis of this locus are the result of deletions in the region of the yg2 locus on the short arm of 
chromosome 9. Twelve of these putative deletions were characterized genetically, and in every 
instance, they were confirmed to be deletions involving chromosomal segments that include the yg2 
and wd loci as well as additional portions of the short arm of chromosome 9. 

HE Mutator (Mu) system of maize was first de- T scribed by ROBERTSON (1978) as being respon- 
sible for a 50-fold increase in mutation frequencies. 
STROMMER et al. (1982) and BENNETZEN et al. (1984) 
established that a Mu-induced mutant at the Adhl  
locus had a DNA insertion (Mul) in the first intron of 
this gene. This insert was later sequenced and found 
to have characteristics associated with transposable 
DNA systems of other organisms (BARKER et al. 1984). 

One characteristic of transposable DNA systems is 
that they frequently induce deletion as well as other 
aberrations in the genomes of their host organisms. 
[See SHAPIRO (1983) for a recent review of transpos- 
able DNA systems in various organisms. In many 
instances, the role of these systems in inducing chro- 
mosomal aberrations is considered.] DOONER (1  985) 
established that this was true for the maize Ac trans- 
posable system by demonstrating the presence of a 
deletion adjacent to the site of insertion of this trans- 
poson in a stable mutant derivative of the bz-m2 mu- 
tant. 

In 1982, crosses were undertaken that were de- 
signed to determine, by genetic means, if the Mu 
system could induce deletions. Since this work was 
begun, TAYLOR and WALBOT (1985) have demon- 
strated that a derivative stable null allele (Adhl-  
S3034a) of the Mu-induced Adhl  mutant (Adhl-  
S3034a) involves a deletion. The DNA of this null 
allele (i.e., A d h l S 3 0 3 4 a )  was shown to have a deletion 
that started at the Mul insertion site in the first intron 
and extended 74 bp leftward including the in- 
tron:exon junction and 2 bp of the first exon. 

The events responsible for the Mu associated dele- 
tion at the Adhl  locus and the one found at the bz 
locus by DOONER (1985) are unknown. For the Adhl  
deletion TAYLOR and WALBOT (1985) proposed a 
mechanism similar to that suggested for deletion 
found adjacent to IS elements (REIF and SAEDLER 
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1977; SAEDLER et al. 1980). Such a deletion also could 
result from crossing over between Mu1 elements on 
homologous chromosomes. The possibility for gener- 
ating deletions by exchanges between two inserts of a 
transposable DNA system was suggested by NEVERS, 
SHEPARD and SAEDLER (1986) and is particularly at- 
tractive for the Mutator system because of the large 
number of Mul elements in active lines. This possibil- 
ity will be considered in more detail in the discussion. 

The chromosomal region chosen for study was the 
tip of the short arm of chromosome 9 involving the 
yellow-green-2 locus (yellow-green plant, gene symbol, 
yg2). This region was selected because of Mc- 
CLINTOCK’S (1 942, 1944) extensive study of deletions 
in this chromosomal segment. The major findings of 
MCCLINTOCK’S work, which bear on the studies re- 
ported here, are summarized in Figure 1 .  

The evidence reported here suggests that deletions 
of varying lengths can be generated by Mutator and 
that their production may be a common Mutator- 
induced event. 

MATERIALS AND METHODS 

To generate the putative deletion plants, an isolation plot 
was set up in the summer of 1982 in which the female 
(detasseled) rows were Mu stocks. The Mu parents of these 
Mu lines had been tested and had been shown to have an 
active Mu system. The male rows were homozygous yellow- 
green-2 plants (generation I, Figure 2). Because the female 
gametophyte will tolerate longer deficiencies than the male 
gametophyte, this procedure ensures the isolation of the 
longest possible deletions, some of which might be too long 
for successful male transmission. MCCLINTOCK (1  942) has 
shown that deletions in this region, which extend much 
beyond the midpoint of the first chromomere, are not 
transmitted through the pollen. Using Mu plants as females 
has the further advantage of eliminating the problem of 
contamination giving false positives (i.e., yg2 contaminants). 

At planting time in the spring of 1983, all available 
greenhouse space was used to plant seeds from the isolation 
plot. The seeds were sown in rows, and all yellow-green 
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c 
FIGURE 1 .-Summary of MCCLINTOCK'S (1 944) studies of ter- 

minal deletions of the short arm of chromosome 9. I: Linkage map 
of the short arm of chromosome 9. Numbers in parentheses are the 
latest map distances. 11: Enlarged schematic diagram of the tip of 
the short arm of chromosome showing regions deleted. Class dele- 
tions: A, Homozygous phenotype is pale yellow seedling (pyd).  
These deletions do not include the yg2 locus. B, These deletions 
extend from just proximal to the yg2 locus to about half of the way 
through the first chromomere. The homozygous phenotype is white 
seedling (wd). The shorter of these deletions are readily transmis- 
sible through both the male and female. The longest deletions in 
this class have reduced male transmission but normal female trans- 
mission. C ,  These deletions involving breakpoints from about the 
midpoint of the first chromomere through the sixth chromomere 
are not male transmissible but are transmissible through the female. 
Homozygotes for this region, when generated by selected breakage- 
fusion-bridge events, result in inviable embryos. Lyg2 (yellow-green), 
yellow-green plant; C, aleurone color gene; sh (shrunken). shrunken 
endosperm; bz (bronze), bronze aleurone color; wx (waxy), waxy 
endosperm.] 

seedlings found were transplanted into peat pots and later 
transplanted to the field. The total number of seedlings 
screened was estimated by counting the number of seedlings 
in about one-tenth of the rows. From these counts, an 
average number of seedlings per row was calculated, and 
this figure then was multiplied by the total number of rows 
to give the estimated number of seedlings. The plants were 
evaluated twice in the field for their yellow-green pheno- 
type; once, when they were about knee high and, a second 
time, soon after pollination. Most retained good yellow- 
green expression throughout the growing period, but some 
showed considerable greening by the time that they reached 
maturity. At the time of pollen shedding, the central spikes 
were collected to determine if pollen sterility was present. 
MCCLINTOCK (1 942) indicated that little pollen sterility was 
found associated with deletions that include less than one- 
third of the short arm of chromosome 9. However, if long 
deletions were induced, pollen grains carrying the deleted 
chromosome are expected to be completely empty or are 
partly devoid of starch, or they could be small completely 
filled pollen grains (MCCLINTOCK 1942). Plants carrying 
such deletions would be expected to show about 50% of 
such abnormal pollen grains. When possible, each plant was 
crossed as a female with standard (Yg2 Yg2) lines (generation 
11, Figure 2). 

To determine if some of the original yellow-green mutant 
plants carried deletions, the progeny from the ears of 43 
yellow-green plants of generation I1 (Figure 2) were recip- 
rocally crossed to yg2yg2 plants in the winter of 1983-1984 
and the summer of 1984 (generation 111, Figure 2). Results 
expected from such crosses, with and without deletions 
being involved are shown in Figure 2 as patterns of trans- 

Summer 1982 Mu/ 
(Generation I) P Yg2 Yg2 x d yg2 yg2 

(Detasseled) 
(A) / (') 

Summer 1983 yellow green plants 
(Generation II) P yg2 (Mu) / yg2 x d Yg2 Yg2 (Standard) 

(Dl I 
Winter 1983-84 

S U " x  1984 
(Generation W 

Ears from 43 plants of 1983 

kernels for recipmcal crosses with 
yg2yg2 plants The following patterns of 
transmission were observed 

+ crases (F1) were used as a source of 

n A 

W U 
(1) Yg2lYg2 x Yg2Yg2 (2)a yg2-MulYg2 x yg2 ygz 

Fl 2 and d 1:l F~ P and d i:i 
green: yellow-green green: yellow-green 

n n 
(3a)b&(3b)b Mu-dejIYg2 x yg2 yg2 (4) ,bfu.de/ I Yg2 x yg2 yg2 

(small) U (medium) W 
F, P 1:l. d >1:1 F, P 1:1, 8 
green: yellow-green green: yellow-green all green 

n 
(51 Mu-del / Yg2 x yg2 yg2 

(large) U 
F1 P > l : l ,  d 

green: yellow-green all green 

FIGURE Z.-Flowchart of generations and crosses to test for Mu- 
induced deletions involving the yg2 locus. (yg2 = standardyg2 allele, 
ygZ-Mu = Mutator-induced ygZ mutant, Mu-del = Mutator-induced 
deletion involving the yg2 locus.) a Very small deletions that are 
readily transmitted through the male also would be expected to 
give the d and 0 1:l pattern. T w o  patterns were observed in 
this class with respect to d transmission: (3a) 2 green: 1 yellow-green 
and (3b) 10 green: 1 yellow-green. 

mission (I) ,  (2), (3a), (3b), (4) and (5). Because the original 
yellow-green plants were heterozygous for the standard yg2 
allele and the Mu-induced yg2 allele or a deleted chromo- 
some, half of the seeds from the ears on the yellow-green 
plants will be expected to carry the chromosome with stand- 
ardyg2 allele, and the other half will carry the homolog that 
has the chromosome with the Mu-induced mutation or dele- 
tion. Plants carrying the standard yg2 allele, when recipro- 
cally crossed with yg2 plants, will segregate for yellow-green 
seedling in a 1:l ratio in both their male- and female- 
outcross progenies [Figure 2, pattern (l)]. Plants with the 
chromosome carrying the Mu-induced alterations may also 
segregate for yellow-green seedlings in a 1 : 1 ratio in both 
male- and female-outcross progeny, if a yg2 mutation was 
induced by Mu or if a deletion involving only the yg2 locus 
has occurred or if a terminal deletion is present that does 
not extend much beyond the yg2 locus [Figure 2, pattern 
(2)) This latter type of deletion would be similar to the yd 
and some wd deletions described by MCCLINTOCK (1 944). 
Most deletions extending to the region of the midpoint of 
the first chromomere will be expected to show reduced male 
transmission but normal female transmission [Figure 2, pat- 
terns (3a) and (3b)l. If the deletion extends beyond the 
middle of first chromomere, male transmission may be 
eliminated completely [Figure 2, pattern (4)], and the more 
extensive deletions with four or more chromomeres missing 
might even show reduced female transmission as well 
(MCCLINTOCK 1942) [Figure 2, pattern (5 ) ] .  Deletions with 
reduced male transmission will result in reciprocal crosses 
with 1 : 1 green:yellow-green ratios when the heterozygous 
plants are used as females and a surplus of green seedlings 
when the heterozygous plants are used as the male parent. 
Some plants with a deletion that is not transmitted through 
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Normal chromosome nine Yg2 

- - - - - - - - - - - - - -. . - .-_ - - - - _ _  - _ _ _ _  _ _  P--+ 
Centromere 

Normal chromosome nine 
Y 92 

wd is the following deficiency 

wd deletion is male transmissible 
thus Mu/-dellwd heterozygte is possible. 

Phenotype albino 
wd -__-__ 

C 
Mu/-del - ------ 

Phenotype albino 
wd _ _ _ _ _ _  

D 
Mu I - d e I - ------ 

FIGURE 3.-Results expected if Mutator deletion chromosomes 
(Mu-del) are made heterozygous with wd.  A, The cytological config- 
uration of the end of the short arm of chromosome 9. B, The 
cytological configuration of the end of the short arm of chromo- 
some 9 with the wd deletion. C and D, Cytological configurations 
and expected phenotypes of two Mu-dellwd heterozygotes in which 
the Mu-del is longer than that in the wd chromosome. (There are 
many other possible Mu-del configurations that would also result in 
the albino phenotype.) Note: The Mu-del deletions diagrammed in 
Figures 3 and 4 are indicated as having terminal deletions. Terminal 
deletions were used for ease of understanding. It should be noted, 
however, that it has not been demonstrated that any of the Mu-del 
chromosomes have terminal deletions. The cytology of these aber- 
rations have not been studied as yet. 

the male will be expected to have a 1:l ratio when hetero- 
zygous plants are used as female parents but only green 
seedlings in the progeny when these plants are used as male 
parents. Other heterozygous plants, those with the largest 
deficiencies, will also have only green seedlings in the male- 
outcross progeny but will have less than 50% yellow-green 
seedlings in their female-outcross progeny. 

Distorted transmission ratios were observed in the prog- 
eny of some reciprocal crosses (generation 111). Twelve of 
these lines that had the highest likelihood of carrying dele- 
tions (putative Mu-del plants) were selected for further 
study. To  determine if a deletion was present, progeny 
plants of these lines from either generation I1 or generation 
111 (Figure 2) were tested by crossing with plants carrying 
wd (the homozygous phenotype is white seedling resulting 
from a deletion, see Figure 1) and (or) B-A translocation 

Albino plants are expected in the progeny of the cross of 
a wd heterozygote and a plant carrying a putative deletion 
for the wd region of the short arm of chromosome 9 (see 
Figure 3 for a schematic explanation of the expected re- 

In plants carrying TB-9Sb, nondisjunction of the B-9 
chromosome will occur in the second division of the male 
gametophyte, resulting in two kinds of sperm. One is hyper- 
ploid for the B-9 segment ( i .e. ,  B-9 B-9), and the other is 
hypoploid ( i . e . ,  is lacking completely the B-9 segment) [see 
ROMAN (1 947) and BECKETT (1 978) for more details on the 
behavior of B-A translocations]. The hypoploid sperm is 
missing completely the distal 60% of the short arm of 
chromosome 9. If such a sperm fertilizes an egg nucleus 
with a deleted chromosome from a Mu-del plant, the result- 
ing plant will be homozygous for the region deleted in the 

TB-9Sb. 

sults). 

B 

piece of B chromosome .---------------------------~--~- 
a-+- - _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  - _ _  - - __. _-_______ C 

Phenotype wd 

-___-_-_-.-______________o-- //- 
0--+ _ _ _ _  _ _ _ _ _  - - - - _ _  _ _ _ _  _ _  _______. ..__ __. - D 

Lethal (embryos not viable) 

FIGURE 4.-Results expected if Mutator deletion chromosomes 
(Mu-del) are made heterozygous with the hypoploid A-B chromo- 
some of TBSSb. A, The cytological configuration of the end of the 
short arm of chromosome 9. B, The cytological configuration of 
the hypoploid A-B chromosome. C, One cytological configuration 
and expected phenotype of a Mu-deZ/A-B heterozygote in which the 
Mu-del is the size of a wd deletion. D, One cytological configuration 
and expected phenotype of a Mu-deZ/A-B heterozygote in which the 
Mu-del is larger than a wd deletion. 

Mu-del plant and hemizygous for the portion of chromosome 
9 missing from the B-9 chromosome but present in the 
deleted Mu-del chromosome. If the region missing in the 
Mu-del plant is more extensive than in the wd deletions, 
some of the resulting plants will be albinos. More extensive 
deletions in the Mu-del chromosome will result in inviable 
embryos if it is combined with the hypoploid A-B chromo- 
some in the zygote. (See Figure 4 for a schematic explana- 
tion of the expected results.) 

In summary, the results expected from the wd and TB- 
9Sb tests are the following: (1) If the deletions in the Mu- 
del plants are small, albino seedlings should be observed in 
both the wd and TB-9Sb tests. (2) If the deletions are 
somewhat larger than those in (1) above, albino seedlings 
will be observed in the wd test but no albino seedlings will 
be seen in the TB-9Sb crosses. 

Two types of Mu-del plants were tested with w d .  In the 
1984-1985 winter nursery a few generation I1 plants (Fig- 
ure 2) which, when reciprocally crossed to yg2, gave no 
yellow-green progeny when crossed as males [Figure 2, class 
(4) type of cross] were pollinated by heterozygous wd plants. 
In summer of 1985 individual yellow-green plants from 
crosses of types (3a), (3b), (4) and (5),  as illustrated in Figure 
2, in which the Mu-dellYg2 plants were used as females, 
were pollinated by pollen from either heterozygous wd or 
heterozygous TB-9Sb plants. 

RESULTS AND DISCUSSION 

Of 779,213 seedlings screened, 125 good yellow- 
green seedlings were found. T h e  frequency with 
which Mu-induced events occurred on chromosome 9 
involving the yg2 locus was 1.60 X These not 
only included mutations at the yg2 locus, but  the 
putative deletions that were also induced. Unlike Mu- 
induced mutants at other loci, very few of Mu-induced 
alterations involving the yg2 locus were mutable. Only 
one clearly mutable mutant has been found to  date. 
A second mutant when first observed appeared to be 
mutable but this one has not been confirmed as yet 
by further crossing. I t  is possible that some of the 
other Mu-inducedyg2 mutants that are  yet to  be tested 
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TABLE 2 

Results of the reciprocal testcrosses of plants heterozygous for 
putative Mu-induced yg2 mutants in which there was evidence 

of the presence of a deletion 

TABLE 1 

Pollen sterility of putative deletion plants 

25% 15% 10% 5 %  No 
abortive abortive abortive abortive abortive N o  

Semi- pollen pollen pollen pollen pollen determi- 
sterile grains grains grains grains grains nation 

1 1 1 2 2 102 16 

by additional crossing will turn out to be mutable. 
However, we have studied a large enough sample of 
the original yellow-green isolates to know that the 
frequency of mutable mutants is well below that ex- 
pected for Mu-induced mutants. (The percentage of 
mutable mutants varies from one Mutator cross to 
another. The last determination of the frequency of 
mutable mutants was made in 1984. Of 395 seedling 
mutants scored, 193 or 48.86% were mutable.) The 
reason for the paucity of mutable alleles induced by 
Mu at the yg2 locus is not known. It is possible that 
either the yg2 locus only rarely mutates to a mutable 
allele when mutated by Mu or most Mu-induced events 
involving this locus result in deletions. 

Pollen examination of the original yellow-green iso- 
lates gave little indication that they were carrying a 
deletion (Table 1). The plant that had 50% empty 
pollen grains could be heterozygous for a large dele- 
tion, but other chromosomal aberrations (e.g., recip- 
rocal translocations) could also result in similar pat- 
terns of pollen sterility. The plants with 25 or 15% 
abortive (empty or partly filled) pollen grains could 
be heterozygous for deletions, which may have had 
only marginal effects on starch synthesis in the pollen. 
Inversions, however, would also give rise to similar 
pollen sterility patterns. Pollen sterility of 10 and 5 %  
is within the range of sterility found in normal plants. 
Of the 43 plants studied in detail in this report, one 
had 15, one had 10, and one had 5% abortive pollen 
grains, two were not sampled, and the remaining had 
normal pollen. MCCLINTOCK (1 942) found that dele- 
tions of up to one-third of the short arm of chromo- 
some 9 did not result in any discernible alteration of 
the pollen. The pollen tests indicate that few if any of 
the deletions induced are long enough to result in 
pollen sterility. If it is assumed that plants with 15% 
or  higher abortive pollen grains carry deletions, only 
about 3% (3 of 109) of the plants in this study would 
be expected to have deletions. The actual frequency 
of putative deletions was about 42% (18 of 43) (see 
the next paragraph). The conclusion that most dele- 
tions are short is supported by the observation that 
pollen determination was normal for all except one of 
those plants that have been demonstrated to have 
been heterozygous for deletions (see Table 2). 

A total of 43 Fl’s (plants from generation 11, Figure 
2) were reciprocally test crossed with yg2yg2. Eighteen 
Fl’s showed distorted ratios when crossed as males or, 

Pollen 
abortion 
observed 

Putative in the 
deletion original 

no. isolate 

104-4 n 
104-7 n 

107-1 n 

107-2 n 

108-3 n15 

108-8 n 

109-9 n 

110-6 n 
110-8 n 

110-9 n 

112-2 N D  
114-1 n 

115-2 n 

116-10 n 

117-5 n 

117-8 n 

106-3 n 

106-5 n 

Family 
No. of 

the 
putative 
deletion 
parent 

6044 
6045 

6046 

6047 

6049 

6050 

6053 

6055 
6057 

6058 

606 1 
6063 

6067 

6073 

6074 

6075 

8526 

8528 

No. of 
plants 
tested 
in the 
family 

8 
9 

9 

8 

10 

9 

10 

10 
10 

9 

10 
8 

8 

10 

10 

10 

10 

7 

Reciprocal crosses of putative 
deletion plants used as 

P 6 

*g2 Yg2 YgZ Yg2 

31 24 46 11 
26 17 All 0 
21 10 All 0 
20 24 All 0 
21 17 All 0 
22 21 All 0 
35 14 All 0 
34 16 All 0 
32 18 All 0 
29 10 All 0 
25 27 All 0 
21 27 All 0 
29 10 All 0 
26 20 All 0 
21 21 All 0 
22 24 All 0 
24 18 All 0 
25 24 38 15 
19 21 27 18 
21 19 29 19 
23 16 28 18 
24 18 All 0 
22 16 14 9 
23 26 44 10 
24 17 39 9 
24 18 34 13 
23 20 35 18 
25 21 36 19 
17 25 36 18 
30 19 All 0 
25 24 36 11 
25 17 41 11 
29 17 56 1 

No test All 0 
N o  test AI1 0 
N o  test All 0 

All 0 All 0 
21 18 All 0 
25 24 All 0 
26 24 All 0 
32 24 All 0 
15 10 All 0 
25 20 All 0 
22 23 45 15 
20 19 65 3 
19 28 50 6 
25 23 61 12 
34 35 All 0 
All 0 All 0 

121 102 110 31 
All 0 No test 
36 30 70 21 

~ 

The heterozygotes were the result of crossing the original yg2 
mutant isolate (genotype Mu-del/ygZ) as a female with a standard 
line and thus two types of heterozygotes result: Mu-del/YgZ+ and 
ygZ/YgZ. Both types were reciprocally testcrossed. This table gives 
only the results from the reciprocal testcrosses of Mu-dellYg2 with 
Yg2/Yg2. 
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in one instance, in both the male and female crosses 
(Table 2). No conclusions can be made as to the nature 
of those Fl’s that did not show distorted ratios or the 
Fl’s that have not yet been tested by reciprocal cross- 
ing. Among those that gave no distorted ratios when 
reciprocally crossed, undoubtedly, are point muta- 
tions and smaller deletions that are fully male trans- 
missible. These are presently being tested for the 
presence of small deletions. The Fl’s with distorted 
testcross ratios were the most likely candidates for 
being deletions and these were the first to be singled 
out for further testing. They are the ones considered 
in this report. 

Five patterns of transmission are observed with 
respect to the occurrence of yellow-green seedlings in 
the male and female progeny of the tested parent: (1) 
Both male and female progenies segregate in a 1:l 
ratio for green and yellow-green seedlings [patterns 
(1) and (2), Figure 21 (these were not included in 
Table 2). (2) The female progenies segregate in a 1 : 1 
ratio but, the male progenies, in about a 2 green:l 
yellow-green ratio [pattern (3a), Figure 21. (3) The 
female progenies segregate in a 1:l ratio and, the 
male, in about a 10 green:l yellow-green ratio [pat- 
tern (3b), Figure 21. (4) The female progenies segre- 
gate in a 1 : 1 ratio while the male progenies have only 
green seedlings [pattern (4), Figure 21. (5) The female 
progenies have less than 50% yellow-green seedlings, 
while the male crosses have only green seedlings [pat- 
tern (5) ,  Figure 21. 

The first pattern is expected for point mutations or 
very short deletions, including terminal deletions 
through the proximal portion of the yg2 locus. The 
rest of the patterns are those expected for longer 
deletions, with the deletions increasing in length in 
plants with patterns (2) through (5). Genetic phenom- 
ena other than deletions could also result in the dis- 
torted ratios observed (e.g., a linked pollen lethal 
mutant). However, the results from the crosses with 
wd and TB-9Sb establish that deletions are indeed 
involved in each instance and that they vary in length. 
No additional assumptions are needed to explain the 
data. 

There is an additional aberrant pattern shown by a 
few plants. This is the pattern in which both the female 
as well as the male outcrosses give only green plants. 
This is unexpected because the original plant ( i . e . ,  the 
original yellow-green isolate) that gave rise to the 
families, in which this pattern is found, was yellow- 
green and presumably was heterozygous for a Mu- 
inducedyg2 allele or a deletion. Thus, when this plant 
was pollinated by a standard, all progeny plants should 
carry either the standard yg2 allele or the Mu-induced 
condition. If it carried the standard yg2 allele, both 
male- and female-outcross progeny in crosses with yg2 
should segregate for yellow-green plants. If the latter 

(i.e., the plant carries the Mu-induced condition), the 
cross in which the plant that is heterozygous for the 
Mu-induced condition is used as a female should seg- 
regate for some yellow-green seedlings. At least two 
explanations are possible for this situation: (1) There 
is a large deletion that only very rarely is transmitted 
through the female, and our samples of seeds tested 
did not happen to include a seed that received this 
deleted chromosome, or (2) the original Mu-induced 
change was an insertion mutant that has reverted back 
to the yg2 allele. Crosses in which this unexpected 
pattern was found are being tested further. 

Some crosses that gave patterns (2) through ( 5 ) ,  as 
described previously, were tested further because they 
were most likely to have deletions that would be easily 
characterized. Pattern (1) plants, as suggested, might 
also include some deletions, but because the main 
objective of this study was to establish that deletions 
had occurred, crosses involving patterns (2) through 
(5) were the best candidates for additional testing. 

Because, the yellow-green phenotype originally iso- 
lated was selected against the yg2 allele, the change in 
the M u  chromosome 9 had to be either a mutation or 
a deletion involving only the yg2 locus or a deletion 
that included that locus plus additional chromosomal 
segments proximal and (or) distal to yg2. Another 
possibility is the induction of a dominant mutant, most 
likely, but not necessarily, at a locus other than yg2 
that produced a yellow-green phenotype. Such a mu- 
tant, when crossed with standard, would segregate for 
yellow-green plants in the resulting progenies. This 
has not been observed in the 43 original isolates tested 
so far. The observation that all mutants tested against 
wd (Table 3) segregated for albino seedlings suggests 
that all carry a deletion that involves the yg2 and wd 
loci. 

In half of the deletions in Table 2, the progeny of 
plants pollinated by TB-9Sb segregated for white 
seedlings. These deletions thus are relatively short 
and include the wd region of chromosome 9. The 
remaining deletions gave no white seedlings when 
tested with TB-9Sb. They not only include the wd 
locus (because they segregated for white seedlings 
when crossed with wd) but an additional portion of 
the short arm of chromosome 9 as well. That these 
deletions are not male transmissible is in agreement 
with their suggested longer length. MCCLINTOCK 
(1 942) found that terminal deletions extending be- 
yond the first chromosome are not male transmissible. 
The additional portion that is missing in these Mu- 
induced deletions is of such a magnitude that plants 
will not survive that are homozygous for this deleted 
region in the hypoploid TB-9Sb plants (Figure 4D). 
This is expected of larger deficiencies because, as 
MCCLINTOCK (1 944) has shown, embryos homozygous 
for a terminal deficiency that are much larger than 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/115/2/353/5997279 by guest on 25 M

ay 2023



358 D. S. Robertson and P. S. Stinard 

TABLE 3 

Pollinations of putative heterozygous deletion plants with 
heterozygous wd and TB-9Sb plants 

~ ~ ~ i l ~  Reciprocal tests 
no, of the of deletion/+ 
putative with Yg2 as 

Deletion deletion Deletion 
no. parent P 6 wd test T B  test class 

108-8 6050 1:l" 2:l" Seg w Segw Class 1 
110-8 6057 1:1 2:l Seg w Segw 
110-9 6058 1:l 2:l No testb Seg w 
114-1 6063 1:1 3:l Segw Segw 
117-8 6075 1:1 1O:l Seg w Seg w 

116-10 6073 1:l Novs  Sesw Seaw Class2 

104-7 6045 1:l No yg Segw Now Class 3 
107-2 6047 1:l Noyg Segw Now 
108-3 6049 1:l Noyg Segw Now 
110-6 6055 1:l Noyg Segw Now 
117-5 6074 1:l Novz Sezw Now 

107-1 6046 2/3gr: Noyg Segw Now Class4 
1/3 Yg 

"In 1:1, 2:1, 3:1, 10:l ratio; the first number represents green 
seedling, the second, yellow-green. 

MCCL~NTOCK (1 944) showed that short yd deletions had normal 
male and female transmission and so did some wd deletions. Other 
wd deletions, however, had a reduced male transmission. The latter 
were thought to be longer deletions. Because this putative Mu- 
induced deletion has a reduced male transmission, it probably would 
have segregated for white seedlings if it had been tested by crossing 
with wd bearing plants. The fact that it segregated for white 
seedlings when crossed with TB-9Lb plants is in agreement with 
this conclusion. 

the wd deletions are expected to be inviable. 
Deletion 116-10 is of special interest because it is 

the only deletion so far tested that is not male trans- 
missible but yet when made homozygous by using TB- 
9Sb the Mu-deL/A-B embryos that are produced are 
viable. Although the embryos can germinate, the al- 
bino seedlings they produce are not viable. Thus, the 
lack of male transmission of a deletion does not nec- 
essarily indicate that in the homozygous condition it 
would be an embryonic lethal. There must be some 
loci in this region that are essential for the normal 
functioning of the male gametophyte but are not 
required for embryonic development or early seedling 
growth. 

Based on the results of the reciprocal yg2 tests and 
the crosses with wd and TB-SSb, four classes of mu- 
tants can be recognized. One of these (Class 1) in- 
cludes the previously described patterns (2) and (3). 
Classes 2 and 3 subdivide pattern (4), and class 4 
corresponds to pattern (5). The relative sizes of these 
deletions are illustrated in Figure 5 .  There is no 
evidence that any extend into or through the sh locus 
(C cannot be tested because the original Mu stock was 
cc). One class 3 mutant (107-2) is known not to include 
sh. In this instance, the Mu-deLlyg2 parent carried sh 
on its normal chromosome along with yg2. The het- 
erozygous wd parent also had sh on the homolog with 

TB-9Sb wx 
Dt yg2 ?Wd c sh ,? \. _ I  . . I .  

9 11, d Low frea ya' Sea w with wd and TB (Class l i  

9 1 : I ;  d No yg: No wd test, Seg w with TB (Class 2) 

P 1 I 6 No yg Seg w with wd. no w with TB (Class 3) 

P 213 qr 113 yq, d no yq No wd test. no w with TB lClass 41 

FIGURE 5.-Relative lengths of the four classes of putative Mu- 
induced deficiencies of the short arm of chromosome 9. 

wd, and Sh on its other chromosome 9. The F1 be- 
tween these two plants segregated for shrunken seeds, 
and when the seedling test was made, nonshrunken 
and shrunken seeds were planted separately. All the 
seedlings from the shrunken seeds were yellow-green, 
except for one crossover seedling. The nonshrunken 
seeds gave both green and white seedlings but no 
yellow-green seedlings. If the deletion had extended 
through the sh locus, the seed giving rise to the Mu- 
dellyg2 plant would have been shrunken, which, phe- 
notypically at least, was not the case, and white seed- 
lings would have been produced by some of the 
shrunken seeds in the wd cross. Although sh was 
segregating in the yg2 population, in no instance were 
shrunken seeds found on the Mu ears from the isola- 
tion plot in which the yellow-green seedlings were 
originally produced. Also, in the crosses of Mu-del/ 
standard plants with the same yg2 stocks, no shrunken 
seeds were produced. These observations would sug- 
gest that deficiencies extending from the yg2 locus 
through sh are not transmissible through either pollen 
or egg, or they are not produced. 

How does the Mu system generate these deletions? 
The deletions MCCLINTOCK (1 944) analyzed were the 
result of a breakage-fusion-bridge cycle (BFB cycle). 
It is possible that Mu insertions could result in chro- 
mosome breakage and start a BFB cycle. Perhaps some 
or all of these deletions were produced via such a 
mechanism. Although this possibility cannot be ruled 
out entirely, it seems unlikely. The standardyg2 stocks 
used in these tests were segregating for shl (shrunken 
seed). If BFB cycling was occurring, some plump seeds 
with shrunken sectors should have been observed. 
Also, in other tests in which new mutants for aleurone 
color genes were being sought, involving population 
sizes exceeding one million, no  seeds have been found 
with the type of sectoring that would indicate a BFB 
cycle had been induced. These tests involved purple 
aleurone Mutator male parents and multiply marked 
aleurone tester stocks ( i . e . ,  a1 sh2, a2 bml b t l  and 

Mutator-induced deletions could be produced by 
unhealed breaks generated by the Mu insertion, re- 
sulting in a terminal deletion. TAYLOR and WALBOT 
(1985) have shown that deletions can occur in associ- 
ation with Mu. In the deletion that they studied, the 
integrity of the chromosome was maintained, except 

c sh bz wx). 
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for the deleted portion that extended 74 base pairs 
proximally from one end of the insertion. The com- 
plete M u 1  insert remained in place. The exact mech- 
anism that induced this deletion is not known, but the 
authors propose that it might be through a system 
analogous to the deletions mediated by the IS family 
of elements. Deletions that occur at the termini of 
these elements, leaving the element intact, have been 
reported by REIF and SAEDLER (1975, 1977), OHT- 
SUBO and OHTSUBO (1978), SAEDLER et al. (1980), and 
SOMMER, SCHUMACHER and SAEDLER (1  98 1). Whether 
the mechanisms proposed for such deletions in pro- 
karyotes (e.g., REIF and SAEDLER 1977 and SAEDLER 
et al. 1980) are operative in maize is unknown. What- 
ever the mechanism responsible for inducing deletions 
associated with M u l ,  it is possible that it might result 
in terminal or subterminal deletions if the insertion 
occurs near the end of a chromosome arm. Because 
TAYLOR and WALBOT found the deletion at only one 
end of the M u 1  insert, the type of deletion (i.e., 
terminal or subterminal) might depend upon the ori- 
entation of the insert. If the insert were oriented so 
that the deletion occurs distal to the insertion, a 
terminal deletion might result; if it were oriented in 
the opposite direction, an internal deletion might 
occur. These postulated events assume that deletions 
are associated with only one end of the insert. This, 
of course, is not established because only one Mu- 
induced deletion has been analyzed at the molecular 
level. In prokaryotes, deletions can occur at either 
end of an insert (SOMMER, SCHUMACHER and SAEDLER 

Another mechanism for the production of M u l -  
mediated deletions might involve crossing over be- 
tween M u 1  elements on homologous chromosomes. 
Such a mechanism was proposed by NEVERS, SHEP- 
HERD and SAEDLER (1986) as a possible means by 
which transposable elements could generate deletions. 
This possibility is particularly attractive because of the 
high copy number of M u 1  elements present in an 
active line (i.e., 10-30 or more copies). If in the M u  
parent, one chromosome 9 had a M u 1  insert distal to 
the yg2 locus and the homologous chromosome 9 had 
a M u 1  inserted proximal to the wd locus, pairing and 
crossing over between these two M u 1  elements will 
generate a duplication chromosome and a deletion 
chromosome including the yg2 and wd loci and various 
additional chromosomal material proximal to wd (Fig- 
ure 6), depending upon the position of the most 
proximally inserted M u 1  element. If this model is a 
correct explanation for some or all of the deletions in 
this study, then some or all of these deficiencies would 
not be terminal, but they would most likely retain the 
terminal knob of nine and perhaps part of the first 
chromomere. (Note: In the explanatory diagrams in 
this paper all Mu-del chromosomes have been shown 

198 1). 

Crossing over: 

Crossover products: 

c Sh wx - - - " 
! $< Duplication Chromosome 

YS2 wd 

c sh wx 
e :  A " 

Deletion Chromosome 

FIGURE 6.-Proposed model of how deletions of yg2 and wd loci 
could be generated by crossing over between two Mu1 inserts on 
homologous chromosome 9s. Numbers in parentheses are the latest 
map distances. 

as terminal deletions. This was done to facilitate the 
explanation and was not meant to imply that these 
deletions are indeed terminal.) Cytological analyses of 
these deletions will determine if they are terminal or 
subterminal and the extent of the deleted segments. 
The results of such analyses, however, may or  may 
not provide insight into the mechanism involved in 
Mul-mediated deletions. If the terminal knob is miss- 
ing, terminal deletion can be assumed to have oc- 
curred. However, if the knob is present, cytological 
observations may not provide much insight into the 
extent of the deletion. Such a determination will have 
to be made through molecular studies. 

The mechanism suggested in the foregoing model 
might be responsible for the production of the stable 
Adhl-S3034a derivative of Adhl-,53034, studied by 
TAYLOR and WALBOT (1985). A d h l S 3 0 3 4 a  had a 
deletion that starts at the M u 1  insertion point and 
extends leftward through the last two base pairs of 
the first exon of this gene. Pairing between the M u 1  
element in the first intron ( A d h l S 3 0 3 4 )  and a pre- 
meiotic insertion of a M u 1  element in the distal por- 
tion of the first exon of the A d h l  followed by crossing 
over in the region of the insert couid have generated 
the deletion that TAYLOR and WALBOT observed (Fig- 
ure 7). There is no evidence reported of a second 
insert at this locus in stocks derived from Adh143034 .  
However, because active M u  lines, and A d h l S 3 0 3 4  is 
such a line, will have M u 1  transposition occurring 
each generation, it is possible that a second insertion 
had taken place at the A d h l  locus. 

The model suggested here for the chromosome 9 
deletion could be tested both by genetic and molecular 
analyses. The genetic consequence of such a mecha- 
nism would result in an exchange of outside markers 
when a deletion is generated. This can be tested by 
repeating the isolation procedure described in this 
paper, but instead of using a standard M u  stock as the 
female parent, stock should be used that would permit 
the scoring of crossovers in the region between Dt 
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Original insertion (Adhl-S3034) 
Second 

Second insertion in first exon 

Slant pairing 

I 
I 

Deletion crossover product (AdWS3034aJ 

FIGURE ?.-Schematic diagram of how AdhI-S?034a could be 
derived from Adhl-S?0?4 by a second insertion in the first exon 
followed by slant pairing and crossing over. 

(distal to yg2 and near the end of the short arm of 
chromsome 9)  and sh (proximal to yg2). 

A M u  stock homozygous for the al-m allele (re- 
sponds to Dt) and heterozygous for Dt, sh and a piece 
of chromosome 3 that has been transposed into chro- 
mosome 9 between bz and wx (Tp9) could be used for 
a test of the crossover hypothesis. RHOADES (1968) 
has shown that plants heterozygous for Tp9 have 
crossing over reduced in the yg2-sh region from about 
the standard 21% to about I-2%. If deletions in the 
yg2 region are the result of crossing over between 
Mu1 insertions, three results are possible with respect 
to new yg2 deletions that result from this cross: (1) 
The frequency of yg2 mutants would be sharply re- 
duced. This result is expected if most deletions are 
the result of crossing over, and if the effect of the 
heterozygous Tp9 condition on reducing crossing over 
extends to the end of the short arm. However, most 
deletions would be accompanied by an exchange of 
outside markers, because double crossovers would be 
unlikely. (2) The frequency of yellow-green deletions 
would not be reduced or only slightly, and most of 
them would be accompanied by the exchange of out- 
side markers. This is expected if the crossing over 
suppression does not extend to the yg2 locus. (3) There 
would be no relationship between the exchange of 
outside markers and the production of yg2 deletions. 
This result is expected if crossing over is not involved 
in generating the yg2 deletions. 

If M u 1  indeed remains in the deleted chromosome, 
the series of deletions so far analyzed, and those yet 
to be, would be useful tools for sequencing the DNA 
in the region of the yg2 and the wd loci on chromo- 
some 9. Presumably, each Mu1 element will be in- 
serted in a different segment of this region of chro- 
mosome 9, and thus, each would have different se- 

quences of host DNA adjacent to the insert. If among 
these adjacent sequences from different deletions, 
overlapping sequences are found, it would be possible 
to “walk” through this region. If such an analysis 
proves feasible for this region of chromosome 9,  it is 
very likely that series of deletions could be used for 
sequencing many other regions of the maize genome. 
A second likely region would include the terminal end 
of the long arm of nine for which we have already 
obtained 240 Bfl mutants, many of which are proba- 
bly deletions. Tests for deletions in this region are 
under way at present. There is no reason to assume 
that terminal regions are the only ones that could be 
analyzed in this manner. We have well over three 
hundred Mu-induced mutants at the y l  locus. As yet, 
only preliminary tests have been undertaken with 
these to determine if any mutant phenotypes are the 
result of deletions. The indications are that some do 
involve small deletions. The presence of small dele- 
tions, which have reduced male transmission, can be 
confirmed in these stocks with another generation of 
crosses, but it will require two more generations to 
confirm the presence of larger deletions that are not 
male transmissible. We have also observed a sector of 
three a1 a1 sh2 sh2 seeds on a homozygous A1 A1 Sh2 
Sh2 M u  stock that was pollinated by a1 a1 sh2 sh2. 
These seeds could be the result of a Mu-generated 
deletion. 

Over half of new Mu-induced mutants are stable 
(not mutable). In this respect, Mu differs from most 
other transposable DNA systems. These stable mu- 
tants might be deletion mutants generated by crossing 
over between MuZ elements inserted at slightly differ- 
ent positions on homologous chromosomes, as sug- 
gested by the proposed crossover model. 

This work was supported by the following grants from the 
National Science Foundation: PCM 79-23052 and PCM 83-022 14. 
The author thanks Dr. MELVIN GREEN of the University of Califor- 
nia, Davis for the initial suggestion that the yg2 region of chromo- 
some 9 might serve for testing the deletion producing potential of 
Mu. Journal Paper No. 5-12272 of the Iowa Agriculture and Home 
Economics Experiment Station, Ames, Iowa, Project 2623. 

LITERATURE CITED 

BARKER, F., D. V. THOMPSON, D.R. TALBOT, J. SWANSON and J. L. 
BENNETZEN, 1984 Nucleotide sequence of the maize trans- 
posable element M u l .  Nucleic Acids Res. 12: 5955-5966. 

BECKETT, J. B., 1978 B-A translations in maize. I. Use in locating 
genes by chromosome arms. J. Hered. 69: 27-36. 

BENNETZEN, J. L., J. SWANSON, W. C. TAYLOR and M. FREELING, 
1984 DNA insertion in the first intron of maize Adhl effects 
message levels: cloning of progenitor and mutant Adhl alleles. 
Proc. Natl. Acad. Sci. USA 18: 4125-4128. 

A deletion adjacent to the Ac insertion site 
in a stable bz derivative from bz-mZ(Ac). pp. 561-573. In: Plant 
Genetics, UCLA Symposia on Molecular and Cellular Biology, 
New Series, Vol. 35, Edited by M. Freeling. Alan R. Liss, New 
York. 

The relation of homozygous deficiencies 

DOONER, H. K., 1985 

MCCLINTOCK, B., 1944 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/115/2/353/5997279 by guest on 25 M

ay 2023



Mutator-Induced Deletions of Maize 36 1 

to mutations and allelic series in maize. Genetic 29: 478-502. 
MCCLINTOCK, B., 1942 Maize genetics. Carnegie Inst. Wash. Year 

Book 41: 181-186. 
NEVERS, P., N. S. SHEPHERD and H. SAEDLER, 1986 Plant trans- 

posable lements. Adv. Bot. Res. 12: 103-203. 
OHTSUBO, H. and E. OHTSUBO, 1978 Nucleotide sequence of an 

insertion element, ISl. Proc. Natl. Acad. Sci. USA 74: 615- 
619. 

Chromosomal rearrangements 
in the gal  region of E. coli K12 after integration. pp. 81-91. 
In: DNA: lnsertion Elements, Plasmids and Episomes, Edited by 
A. I. BUKHARI, J. A. SHAPIRO and S. L. ADHYA. Cold Spring 
Harbor Laboratory, New York. 

REIF, H.-J. and H. SAEDLER, 1975 IS1 is involved in deletion 
formation in gal  region of E. coli K12. Mol. Gen. Genet. 137: 

Characterization of a mutator system in 

Studies on the cytological basis for crossing 

REIF, H.-J. and H. SAEDLER, 1977 

17-28. 
ROBERTSON, D. S., 1978 

RHOADES, M. M., 1968 
maize. Mutat. Res. 51: 21-28. 

over. pp. 229-241. In: Replication and Recombination of Genetic 
Material, Edited by W. J.  PEACOCK^^^ R. D. BROOK. Australian 
Academy of Science, Canberra. 

Mitotic nondisjunction in the case of inter- 
changes involving the B-type chromosomes in maize. Genetics 

SAEDLER, H., G. CORNELIS, J. CULLAM, B. SCHUMACHER and H. 
SOMMER, 1980 1S1-mediated DNA rearrangement. Cold 
Spring Harbor Symp. Quant. Biol. 45: 93-98. 

SHAPIRO, J. A. (Editor), 1983 Mobile Genetic Elements. Academic 
Press, New York. 

SOMMER, H., B. SCHUMACHER and H. SAEDLER, 1981 A new type 
of IS1-mediated deletion. Mol. Gen. Genet. 184: 300-307. 

STROMMER, J. N., S. ITAKE, J. BENETZEN, W. C. TAYLOR and M. 
FREELING, 1982 Regulatory mutants of maize Adhl  gene 
caused by DNA insertions. Nature 300 542-544. 

TAYLOR, L. P. and WALBOT, V., 1985 A deletion adjacent to the 
maize transposable element Mu1 accompanies loss of Adhl  
expression. EMBO J. 4: 869-876. 

Communicating editor: W. F. SHERIDAN 

ROMAN, H., 1947 

32: 391-409. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/115/2/353/5997279 by guest on 25 M

ay 2023


