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Abst rac t  Since the discovery of the Uq transposable ele- 
ment system in the early 1980s, studies of Uq distribution 
have shown that Uq is pervasive in genetic stocks and corn 
populations including BSSS, the Illinois oil and protein 
lines, 'Lancaster' ,  'Jarvis' and several others. The assump- 
tion made was that Uq might have provided the variation 
that has contributed to maize breeding progress. Of the sev- 
eral inbreds tested in previous studies, only IaI159, one of 
the contributors to BSSS, contained an active Uq. The main 
question posed in our experiments was that of chromoso- 
mal location(s), or allelic relationships, of active Uq ele- 
ments in diverse corn populations. Results showed that 
these Uq elements are allelic, linked or independent, 
though most found from corn populations show quite dis- 
tant or independent linkage relationships with each other. 
The lack of a linear linkage map among these Uq elements 
may be interpreted to have resulted from transposition 
events and this might have led to the differentiated instabil- 
ity of an individual Uq element that was found to be vari- 
able. Other questions also discussed relate to the origin of 
Uq elements in corn populations and their role(s) in plant 
breeding. 
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Introduction 

The Uq-ruq (Ubiquitous) transposable element system was 
initially characterized in genetic tests conducted by Friede- 
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mann and Peterson (1982) in G. F. Sprague's Aberrant Ra- 
tio lines, which originated from stocks exposed to BSMV 
(Barley Striped Mosaic Virus) (Sprague and McKinney 
1966, 1971). In studies of the distribution of Uq in genetic 
stocks, several autonomous and nonautonomous elements 
have been isolated (Friedemann and Peterson 1982; Per- 
eira and Peterson 1985; Caldwell and Peterson 1989; Pan 
and Peterson 1988b, 1991a, b). 

Quiescent Uq sequences in maize inbreds are spontane- 
ously activated both somatically and germinally in a ran- 
dom manner (Pan and Peterson 1988b, 1989, 1991a). 
In one case a Uq (Mn::Uq) was activated via 5-aza-2'- 
deoxycytidine treatment, which then cosegregated with 
the maize Miniature locus. The origin of Mn::Uq in this 
manner confirms that Uq transposes. The origin ruq ele- 
ments inserted at the al and cl loci, respectively, estab- 
lished that nonautonomous ruq elements also transpose 
(Friedemann and Peterson 1982; Caldwell and Peterson 
1989). 

The diversity of Uq elements is illustrated by several of 
the Uq elements from genetic stocks (Pereira and Peterson 
1985; Caldwell and Peterson 1989) and those spontane- 
ously activated germinals (Pan and Peterson 199 l a) that 
express distinguishable distinct aleurone spotting patterns 
through interaction with reporter alleles. The Mn:: Uq mu- 
tant can, for example, transactivate the a-ruq allele but not 
a normal Uq-responsive c-ruq allele (Pan and Peterson 
1989). The different Uq transactivation functions can be 
accounted for by the composition hypothesis (McClintock 
1958) or the position hypothesis (Peterson 1977). Genetic 
diversity among Uq elements may not be surprising since 
most have arisen by spontaneous activation, possibly re- 
sulting in partial activation. If this is the case, it is likely 
that the methylation intensity of Uq sequences, especially 
in the 5' region, may vary, thereby modifying the promoter 
strength that controls element activity (Chandler and Wal- 
bot 1986; Dennis and Brettell 1990; Bird 1992). De novo 
methylation is hypothesized to occur gradually and thus 
takes several generations to complete, whereas demethyl- 
ation can be rapid due to the failure of maintenance metb- 
ylation (Otto and Walbot 1990). 



1189 

In a molecular  characterization of  the Uq sys tem's  com- 
ponents, it was found that ruq has approximately a 95% 
homology  to Dsl and produces the 8-bp target site dupli- 
cation upon insertion (Pisabarro et al. 1991), indicating that 
the Uq-ruq system is a modif ied Ac-Ds system. The find- 
ing that the functions of  the Ac and Uq systems overlap 
[Uq transactivates Dsl only while Ac or four doses of Ac2 
induce responses f rom all of  the ruq elements (Caldwell 
and Peterson 1992)] provides further support. 

Uq distribution studies in diverse corn lines and popu-  
lations have established that breeding materials contain ac- 
tive mobile elements. A m o n g  the known active elements, 
only Uq and Mrh are prevalent in small samples of  BSSS 
( Iowa Stiff Stalk Synthetic) populations (Peterson and 
Friedemann 1983; Peterson and Salamini 1986). Only 1 of  
the original 16 inbreds (inbred t a i l59)  used to construct 
the BSSS population contains Uq (Cormack et al. 1988). 
Possibly, selection against variability and for uniformity 
and stability during inbred line development  resulted in 
stable lines in which active Uq elements were silenced or 
segregated out (Peterson 1988), signifying a role of  the ele- 
ment in maintaining genetic variability o f  the populations. 
Perhaps Uq elements can become methylated and thereby 
inactive, as occurs with other transposable elements (Ben- 
netzen 1987; Chomet  et al. 1987; Banks and Fedoroff  1989; 
Dennis and Brettell 1990). The Mn::Uq induced by a de- 
methylat ion treatment supports this methylat ion option. 

Lamkey  et al. (1991) in a test of  BSSS cycle popula-  
tions found changes in the f requency of  Uq in two inde- 
pendent, closed recurrent selection programs:  13 cycles of  
half-sib and S 2 progeny recurrent selection and 11 cycles 
o f  reciprocal recurrent selection. With the half-sib and $2 
progeny recurrent selection (19-91%)  there was an in- 
crease in the frequency of  active Uq elements, which was 
ascribed to random genetic drift and possibly f rom the se- 
lective advantage o f  a favorable genome segment linked 
to Uq as an alternative. In the reciprocal recurrent selec- 
tion program, the frequency of  active Uq elements gradu- 
ally decreased and was not found in BSSS(R)C6 and later 
generations. This extinction of  the presence of  Uq was sug- 
gested to result f rom random genetic drift. 

Maize populations such as BSSS (Hallauer et al. 1983) 
and the Illinois oil and protein lines (Dudley 1976) have 
considerable genetic variability, and this has been dis- 
played by i sozyme (Goodman and Stuber 1983) and re- 
striction length po lymorphism (RFLP) analysis (Helen- 
tjaris et al. 1985; Sughroue and Rocheford  1994). How-  
ever, what  underlies this variability still remains unan- 
swered. Transposable elements do generate additional se- 
quences upon insertion, thereby increasing the genome 
size, and upon excision leave footprints leading to altered 
gene sequences. This mechanism provides genetic diver- 
sity (Schwarz-Sommer  et al. 1985), but whether this diver- 
sity has favorable effects on corn populations is yet to be 
determined. As an initial step to inquire into the possible 
roles of  transposable elements in corn populations,  this 
study was undertaken to determine the allelic relationships 
among Uq elements discovered in numerous and diverse 
cornbelt  populations and genetic stocks. Is the founder  

Uq(I159) the only Uq present in the BSSS populat ion? Uq 
elements vary in position; they are either allelic, linked or 
independent,  and most  f rom corn populations have quite 
distant or independent linkage relationships, a finding that 
supports the concept  that Uq-transposed or quiescent types 
became activated. 

Materials and methods 

Source materials 

The 23 Uq elements examined in this study, 16 alleles from cornbelt 
populations, 6 from genetic stocks and 1 via spontaneous activation, 
are listed in Table 1. Several of these corn lines have a relationship 
or a common origin at some distant past. 

The basis for the mapping strategy 

This mapping study for the various Uq elements is unusual in that 
no known genetic markers are avaiIable, because none have been 
tagged with any distinguishable marker on a chromosome, with the 
result that this study is confined to the linkage relationships of each 
Uq to the others. However, mapping is possible by monitoring c-ruq 
events in the presence of an active Uq. Table 2 illustrates the ratio- 
nale and assay supporting this mapping study and includes the de- 
termination of the ratio of spotted to colorless kernels on an ear that 
identifies Uq linkage relationships in the presence of homozygous 
c-ruq. Allelic in this context is used to identify very closely linked 
Uq elements, or identical elements at the same chromosome site. It 
should be noted that because only half of the recombinants can be 
recovered as colorless kernels (Table 2), the linkage value will be 
double the percentage of observed recombinants (linkage val- 
ue=[(number of colorless/number of total) x 100] x 2). No attempt 
was made, because of the lack of a marker, to map the elements to a 
specific chromosome marker. 

Variables to consider in the mapping of Uq's 

Several variables influence the determination of Uq linkage relation- 
ships, and this is defined as 'instability (I),' expressed as colorless 
kernels probably resulting from the inactivation or loss of Uq se- 
quences. I could also be partly due to changes in the c-ruq allele or 
to the transposition of Uq. Further details on these variables will be 
discussed in the Discussion section. 

Crossing strategy 

Because most maize populations carry at least one recessive cl al- 
lele (Peterson 1986; Cormack et al. 1988), c-ruq was used as a re- 
porter allele for screening populations for active Uq elements. The 
c-ruq allele was used mainly as the male because of the inconsistent 
segregation of spotted and colorless kernels in the reciprocal cross- 
es between Uq and c-ruq (Pan and Peterson 1991b). 

These experiments were resolved into two parts: (1) control and 
(2) mapping. The control experiment was designed to estimate the 
extent of genetic instability of each Uq, and the mapping experiment 
was used to determine the allelic or linkage relationships between 
2 Uq elements. Thus a 'diallel cross' with all possible combinations 
was performed among 23 Uq elements. Cross 1 describes the gener- 
al crossing strategy used to construct control homozygotes for each 
Uq (e.g. Uq-1/Uq-1). Selected kernels were crossed by c-ruq to meas- 
ure the instability (I) of each Uq. Cross 2 develops the heterozygotes 
for each set of 2 Uq elements. Selected kernels were crossed by 
c-ruq for mapping (Cross 3). Kernel selections were made to rescue 
at least one homozygote (Cross 1 progeny) or one heterozygote 
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Table 1 Index of terms and lists of Uq elements used in this study 

TermlUq Entries Description and References 

gq 
ruq 
Uq-BSSSC5 
Uq-BS13(S) C4 
Uq-H59 
Uq-BSLE(ML) CIO 

Uq-BSLE(MS) C15 
Uq-RHP1968 

Uq-SH01968 

Uq-HGC25 

Uq-Hiloss 
Uq-Jarvis 
Uq-LC 
Uq LS 
Uq-RYD 
Uq-PDent 
Uq-EC 
Uq-SK 
Uq-St 
Uq-13 

Uq-16 

Uq-31, Uq-66 and Uq-67 
Uq-870621Y 

An active transposable element that induces mutability of ruq-containing alleles 
A defective element in the Uq-ruq system, expresses mutability in the presence of Uq 
A BSSS population after five cycles of selection (Hallauer et al. 1983; Peterson and Salamini 1986) 
A BSSS after seven cycles of half-sib and four cycles of $2 recurrent selection (Cormack et al. 1988) 
Iai159, one of the 16 inbreds that were used to develop BSSS (Cormack et al. 1988) 
A BSLE (Iowa Long Ear Synthetic) population after ten cycles of long ear selection (Cortez-Mendoza and 
Hallauer 1979; Cormack et al. 1988) 
A BSLE after 15 cycles of short ear selection (Cormack et al. 1988) 
One of the Illinois oil and protein lines, RHP (Reverse High Protein) after 21 cycles of high protein selection 
(Dudley 1976; Cormack et al. 1988) 
One of the Illinois oil and protein linesl SHO (Switchback High Oil) after 14 cycles of high oil selection 
(Cormack et al. 1988) 
A Hays Golden population after 25 cycles of mass selection (Gardner 1976; Cormack et al. 1988), later 
confirmed as Ac in our lab (Peterson unpublished) 
Hi-loss B's population (Rhoades and Dempsey 1982, 1983; Pan and Peterson 1988a) 
Jarvis Golden Prolific (Moll et al. 1977) 
Lancaster (Walejko & Russell 1977; Cormack et al. 1988) 
Lancaster Surecrop (PI280061) (Smith 1986; Cormack et al. 1988) 

Reid's Yellow Dent (PI213698) (Smith 1986; Cormack et al. 1988) 
Polar Dent (PI222474) (Smith 1986; Cormack et al. 1988) 
Echelberger Clarage (PI278713) (Smith 1986; Cormack et al. 1988) 

Silver King (PI280853) (Smith 1986; Cormack et al. 1988) 
First isolated standard Uq element (Friedemann and Peterson 1982), Uql (Pan and Peterson 1991a) 
Isolated from the Uq-controlled a-m13 mutant, distinguishes a-ruq from c-ruq in terms of their spotting 
patterns (Pereira and Peterson 1985; Caldwell and Peterson 1989) 
Isolated from the Uq-controlled a-m16 mutant, displays a lower spotting pattern than Uq-St (Pereira and 
Peterson 1985) 
Isolated from stocks carrying Uq-St (Caldwell and Peterson 1989) 
Germinal isolate originating from spontaneous activation, Uq2 (Pan and Peterson 1991a) 

Table 2 Expected frequency of spotted kernels in the various ele- 
ment arrangements in the presence of c-ruq/c-ruq 

Two U q ' s  Arrangements Spotted kernels (%) 

uqq 
Allelic 100 

Uq-2 

Uq-1 + 
Independent 75 

+ Uq-2 

Uq-1 + 
Linked 75 < sp < 100 a 

+ Uq-2 

Uq-1 + 
One Uq 50 

+ + 

a Gamete genotypes from two linked Uq elements are Uq-1 +, 
+ Uq-2, Uq-1 Uq-2 and + +. Spots induced by noncrossovers, 
Uq-! and Uq-2, are not distinguishable from spots by the crossover 
Uq-1 Uq-2. Only half the recombinants are detectable as colorless 
kernels without Uq (+ +). Thus, the linkage value calculation me- 
thod will be [(number of colorless/number of total) x 100] x 2 

(Cross 2 progeny) at the 95-99% level. However, the selections were 
not random because the kernels showing a heavier spotting pattern 
were generally favored to insure that 2 elements were present, that 
is to say we took advantage of positive dosage effects. 

Cross 1 

Cross 2 

Cross 3 

• • 

+ + + + 
$ $ 

• 

~-1 ~-2 
* 

~-1 
• c-ruq 

~ - 2  
, 

Allelic Linked Independent 

~-1 ~ - 1  + ~ - 1  + 

~ - 2  + ~ - 2  + ~ - 2  
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Uq-RHP1968: Original data (%2-test: o~ = 0.05, Value = 3.84) 

Xn a sp cl Total % sp 3 s p: 1 cl 1 s p: 1 cl 
(%~-test) (z<test)  

X1 203 0 203 100.00 67.66** 
X2 209 3 212 98.58 62.88** 
X3 198 3 201 98.51 59.22** 
X4 96 2 98 97.96 27.54** 
X5 69 46 115 60.00 13.80"* 4.58* 
X6 108 83 191 56.54 3.26 
X7 132 110 242 54.55 2.00 
X8 63 57 120 52.50 0.30 
X9 97 97 194 50.00 (= 100.00) b 0.00 
X10 61 64 125 48.80 (= 97.60) 0.06 
X11 55 59 114 48.25 (= 96.50) 0.14 
X12 74 110 184 40.22 7.04** 
X13 63 96 159 39.62 6.84** 

* Significant, ** Highly significant, 
a Serial number of harvested and counted ears, 
b Doubled% sp to make homozygous for instability calculation 

Control experiments: data selection and instability calculation 

Controls were developed to estimate the instability of individual Uq 
elements. Thus, data to be selected for this purpose must indicate 
that all four copies of the element after replication were transmitted 
to the progeny. That is, kernels without spots were assumed to come 
from instability. Without instability, homozygous plants would be 
expected to produce 100% spotted kernels (spots) on an ear, and hem- 
izygous plants would give 50% spots. 

An example of data selection and instability calculation is dem- 
onstrated with the controls of Uq-RHP1968 in Table 3. The follow- 
ing assumption was made for data selection: 75% spots on an ear 
would result when 1 element was inactivated or lost after replica- 
tion. Under this criterion, crosses having more than 75% spots were 
selected that failed the chi-square test of 3 spotted: 1 colorless. In the 
case of hemizygosity, which was used to complement the lack of 
data, errors due to random transmission can produce values with 
somewhat more or less than 50% spots. Data with more than 50% 
spots were excluded because the purpose was to measure the extent 
of instability. Data were included that passed the chi-square test of 
1 spotted:l  colorless and subsequently doubled for a homozygous 
value. As explained, X1-X4 were selected, and X9-X11 were select- 
ed, and each doubled for the homozygous value (Table 3). From the 
selected data, the average percentage of spots was found to be 
98.45_+0.48. Thus, the instability of homozygosity or two copies of 
Uq-RHP1968 would be 1.55 (=100-98.45)_+0.48. Therefore, the in- 
stability of one copy will be (1.55_+0.48)/2=0.77_+0.24. 

Mapping experiments: data selection and linkage calculation 

In the mapping experiments, the purpose was to determine whether 
two independently isolated or originating Uq elements were allelic, 
linked or independent of each other. Experimental results have shown 
that data are quite variable, ranging from approximately 15 % to 100% 
spots (data not shown, Seo 1994). The outcome of this wide range 
of values is discussed in the Discussion section. Data required for 
this study should represent at least approximately 75 % spots or more, 
the case for independent or linked relationship (Table 2). Data with 
approximately 50% spots that passed the 1:1 chi-square test were first 
precluded. This test supports the idea that there was originally only 
1 element present, and this datum was no longer considered. 

With respect to instability, the selection procedure among the data 
of mid-values between more than 50% spots and less than 75% spots 
that failed both the 1:1 and 3:1 chi-square tests was rather complex. 
Once the data failed the 1:1 test, it was assumed that their parents 

originally had 2 elements. For the same reason, even if the data failed 
the 3:1 test, it was not considered that their parents originally con- 
tained 1 element. In the control experiments a maximum of approx- 
imately 10% instability was observed (Seo 1994). Whether these 
mid-values would be selected depended on the 3:1 chi-square test 
and the size of the estimated instability of a pair of 2 Uq elements, 
that is, the lowest value that was temporarily determined for data se- 
lection under the assumption of independence. 

An example of the lowest value calculation is illustrated with the 
pair Uq-BSSSC5 and Uq-I159. Their instabilities are 0.81_+0.80 
and 3.84+1.14, respectively. Therefore, the theoretical instability 
of the heterozygotes containing these 2 Uq elements will be 
(0.81+0.80)+(3.84+1.14)=4.65+1.94. Two standard errors are math- 
ematically added because the 2 Uq elements are each segregating in 
different kernels; only one-fourth of the kernels on an ear would car- 
ry the 2 together. Given that Uq-BSSSC5 and Uq-H59 are indepen- 
dent, 75% spots will be produced. Because of instability, however, 
the independent value of these 2 particular Uq elements can be cor- 
rected as 75-(4.65+1.94)=70.35+1.94. Therefore, the lowest value 
to be selected would be 68.41 (=70.35-1.94). Data selection proce- 
dures for the mapping experiments are illustrated with a set of prog- 
eny data from Uq-BSSSC5 versus Uq-I159 in Table 4. As explained 
previously, values of 68.41 or more, those that are non-significant in 
the 3"1 test, or those larger than 75%, will be selected. Therefore, 
X1-X5 are selected from Table 4, and with these selected data Ta- 
ble 5 illustrates the steps to linkage calculation. 

Because of instability, it is difficult to conclude that outliers in 
linkage values among sister lines are derived from transposition, in- 
activation or loss. The confirmation of transposition was not made, 
although a clear deviant, for example from allelic or close linkage to 
independence, can easily be detected in the next generation. Modifi- 
cations of linkage calculation were tried; apparent outliers that failed 
the chi-square homogeneity test were regarded as resulting from 
transposition events and not included in the linkage calculation. An- 
other major problem is that it is not possible to determine an expec- 
tation on the ratio of spotted to colorless since the linkage values of 
any set of 2 Uq elements are not known. This problem can be re- 
solved by the chi-square test in the R~--~C table (Snedecor and Co- 
chran 1967). The formula for the chi-square test is as follows: 

)~2 = y. [(f_F)2/F] 
f = observed value, 

F = expected value = (row total) (column total)/total 
df = (R-1)(C-1)  

With this formula, the chi-square test was performed as shown in Ta- 
ble 5. 
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Table 4 An example illustra- 
ting the data selection procedu- 
re from mapping experiments 
(sp spotted, cl colorless) 

Uq-RHP1968: Original data (Lowest value = 68.41, %2-test: c~ = 0.05, Value = 3.84) 

Xn a sp cl Total % sp 3 ~ :  1 cl 1 s~: 1 cl 
(%<test) (%<test) 

X1 361 39 400 90.25 49.60** 
X2 133 31 164 81.10 3.24 
X3 106 32 138 76.81 0.24 
X4 232 79 311 74.60 0.02 
X5 387 146 533 72.61 1.61 
X6 269 126 395 68.10 10.01"* 
X7 139 78 217 64.06 13.85"* 
X8 89 56 145 61.38 14.34"* 
X9 207 145 352 58.81 
X10 64 52 116 55.17 

** Highly significant, 
a Serial number of harvested and counted ears 

7.50** 
10.95"* 

1.24 

TabLe 5 Uq-BSSSC5 versus 
Uq-H59: Selected data and pro- 
cedures for linkage calculation 
(sp spotted, cl colorless) 

%2-test: c~ = 0.05, d.f. = 4, Value = 9.488 

Xn a sp cl Total % sp %2-test 

X1 361 39 400 90.25 31.177 
X2 133 31 164 81.10 0.497 
X3 106 32 138 76.81 0.344 
X4 232 79 311 74.60 3.369 
X5 387 146 533 21.61 12.447 

Total 1219 327 1546 47.834 

Since 47.834 > 9.488, X1 that shows the largest Chi-square value was excluded and the Chi-square test 
was made again as follows: 

%2-test: ~ = 0.05, d.f. = 3, Value = 7.815 

Xnl sp2 c13 Total % sp %2-test 

X2 133 31 146 81.10 3.382 
X3 106 32 138 76.81 0.277 
X4 232 79 311 74.60 0.012 
X5 387 146 533 72.61 1.448 

Total 858 288 1146 5.119 

The average of spotted kernels is 74.87% [= (858/1146) x 100] 
The percentage of recombinants (cl) is 25.13 (= 100-74.87) 

a Serial number of harvested and counted ears 

As shown in Table 5, the average percentage of spots is 74.87 
[=(858/1146) x 100], and the standard error 1.99. Therefore, the per- 
centage of recombinants (cl) is 25.13 (=100-74.87)+1.99, and the 
linkage value between Uq-BSSSC5 and Uq-I159 would be approxi- 
mately 50.26 (=25.13 x 2), which indicates independence. This link- 
age value, however, includes instability of the 2 elements because 
the selected data are assumed to include instability, which is 
4.65+1.94, as explained. Therefore, the average percentage spots 
should be corrected as (74.87+4.65)+(1.99+1.94)/2=79.52+1.97. 
Theoretically, two standard errors are expected to be the same (i.e. 
1.99= 1.94), since they were derived from a composite of Uq-BSSSC5 
and Uq-l159. Their standard error was therefore corrected by aver- 
aging out two values. So, the percentage of recombinants is 
100-(79.52+1.97)=20.48+1.97 and the estimated linkage value is 
40.96 (=20.48 x 2), indicating that Uq-BSSSC5 and Uq-I159 are 
linked to each other. 

Results 

Ins tab i l i ty  f r o m  con t ro l  e x p e r i m e n t s  

T h e  ins tab i l i ty  o f  one  c o p y  of  each  Uq r a n g e d  f r o m  0.42 
for  Uq-Jarvis ( the l o w e s t  va lue )  to 4 .59 for  Uq-BS13(S)C4 
( the h ighes t  va lue )  (Seo  1994). W i t h  10% ins tabi l i ty ,  the  
i n d e p e n d e n t  s e g r e g a t i o n  o f  7 5 %  spots  was  r e d u c e d  to ap-  
p r o x i m a t e l y  65% spots  as, for  e x a m p l e ,  in the  e x p e r i m e n -  
tal data  o f  Uq-BS13(S)C4 versus  Uq-LC (data  no t  shown,  
Seo  1994).  T h e  a v e r a g e  ins tab i l i ty  o f  al l  Uq e l e m e n t s  was  
a p p r o x i m a t e l y  2%,  i nd i ca t i ng  that  the  Uq f u n c t i o n  can  be  
e x p e c t e d  to be  los t  in 2 ou t  o f  100 i nd iv idua l  cop ie s  in h e m -  
i z y g o t e s  or  4 out  o f  100 in h o m o z y g o t e s .  
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Fig. 1 Outlined pedigree of BSSS and linkage relationships among 
Uq elements discovered from the BSSS-related inbreds and popula- 
tions. Thefirst line indicates the direct or indirect progenitors of the 
16 inbreds in the second line, which were used for the synthesis of 
BSSS (for details on pedigree, see Hallauer et al. 1983; Lamkey et 
al. 1991). Populations or lines in the shaded areas carry active Uq 
elements. Linkage values between 2 Uq elements are indicated in 
brackets. This illustration suggests it is possible that the 2 Uq ele- 
ments in BSSSC0 (Lamkey et al. 1991) came from RYD and EC, re- 
spectively. The linkage relationships among the BSSS-related Uq 
elements are a typical example of those found among Uq elements 
uncovered from corn breeding populations (RYD 'Rield Yellow 
Dent', EC 'Echelberger Charge',nr not rescued) 

nr 

45 39 

42 (Uq-31, PDent: 3) 

Fig. 2 Linkage relationships among Uq elements discovered from 
genetic materials, plus two corn populations, 'Polar Dent' and 
'Jarvis'. Numbers represent linkage values between connected Uq 
elements: the 6 (Uq-St, 16, 31, 67, Pdent and Jarvis) in the center 
are allelic; the 3 (Uq-13, 66 and 87062110 in the shaded ovals seem 
to be far-linked to the allelic Uq elements in the center as interpret- 
ed from the large linkage values and some exceptions indicated in 
the parenthesis. Small linkage values in the parenthesis might have 
resulted from the sampling of transposition events (nr not rescued) 

Linkage values from mapping experiments 

The linkage values of different Uq elements revealed that 
a linear linkage map could not be drawn. Linkage relation- 
ships showed a large distance or almost independence es- 
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pecially among the Uq elements from breeding lines and 
populations. Among genetic materials and some breeding 
sources the Uq elements seemed to be located on one chro- 
mosome. On the basis of this observation, there seemed to 
be two groups. The first group includes Uq elements from 
breeding sources that predominantly have large linkage 
values. A typical example is illustrated with BSSS-related 
Uq's in Fig. 1. The second group includes Uq elements 
from genetic materials that appear to be clustered on one 
chromosome; these intermingled relationships are shown 
in Fig. 2. Linkage values between the first and second 
groups were also similar to those in the first group. Be- 
cause these results indicated that Uq elements seem to be 
distributed over the genome, the drawing up of linear maps 
does not appear to be useful. So rather than attempting lin- 
ear linkage maps as in most linkage studies, an investiga- 
tion of the results coupled with the pedigree analysis of 
some Uq sources was undertaken and is considered in the 
next section. 

Comparison of expected linkage relationship from the 
pedigree analysis of Uq sources with the allelic tests 

Uq elements related to corn breeding lines 
or populations 

The possible linkage relationships among some Uq ele- 
ments can be anticipated on the basis of results from pre- 
vious studies and by tracing the pedigrees of corn lines and 
populations from which the Uq elements were uncovered. 

BSSS-related. The BSSS population was developed by 
Sprague (1946) by intermating 16 inbred lines in 1933 and 
1934. Hallauer et al. (1983) suggested that most of the 
lines, including IaI159, were derived from sources that in- 
cluded 'Reid' s Yellow Dent' germplasm and an 'Echelber- 
get Clarage' line, Oh3167B. IaI159, BSSSC5, BS13(S)C4 
and 'Echelberger Clarage' (PI278713) carry active Uq ele- 
ments (Cormack et al. 1988). In the limited sampling of 
Oh3167B (three ears), Uq was not detected. It is possible 
that other inbred lines derived from one of the 'Reid's Yel- 
low Dent' strains might also contain Uq since 'Reid's Yel- 
low Dent' (PI213698) was found to have an active Uq. It 
is therefore probable that 2 Uq elements, 1 from IaI159 and 
the other from 'Echelberger Clarage' or one of the inbreds 
from 'Reid's Yellow Dent' background, were introduced 
into BSSS. This presumption supports the observed fre- 
quency of Uq (0.10) in BSSSC0 (Lamkey et al. 1991). Un- 
expectedly BSSS-related Uq elements [Uq-RYD, Uq-EC, 
Uq-I159, Uq-BSSSC5 and Uq-BS13(S)C4] revealed large 
linkage distances and in most cases independence as illus- 
trated by the probable BSSS pedigree in Fig. 1. Both lines 
of descent (Fig. 1) following the formation of BS SSC0 rep- 
resent two different selection programs. The relationships 
among these Uq elements represent those among the first 
group. 

Lancaster Surecrop-related. The BSLE population was 
synthesized by combining 12 inbred lines (Russell et al. 
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197 l a,b). Mass selection for divergent short and long ear 
length was initiated in the 1963 isolation planting with a 
selection intensity of 7.5 % (Cortez-Mendoza and Hallauer 
1979). One of the inbreds, C 103, and 'Lancaster'  were de- 
rived from 'Lanc aster Surecrop' (Gerdes and Tracy 1993). 
Another inbred, (Lanc. x Comp.)-34, might also contain 
Uq delivered from 'Lancaster' .  A close relationship might 
be expected among Uq elements from 'Lancaster 
Surecrop' (LS), 'Lancaster'  (LC), BSLE(ML)C10 and 
BSLE(MS)C 15, however as linkage distances were between 
32.84 and 43.66, a linear relationship does not exist. 

Isozyme analysis-related. 'Lancaster Surecrop', 'Reid's 
Yellow Dent', 'Polar Dent', 'Echelberger Clarage' and 
'Silver King' are open-pollinated cultivars (Smith 1986). 
Smith (1986) investigated genetic diversity among open- 
pollinated varieties of the corn belt dent racial complex of 
maize using 21 isozyme loci. Principal component analy- 
sis of the isozyme allele frequencies revealed that 'Lan- 
caster Surecrop' pedigrees were separated from 'Reid's 
Yellow Dent', and that pedigrees of 'Polar Dent',  'Echel- 
berger Clarage' and 'Silver King' might be associated with 
one another. This interpretation suggests that Uq-PDent, 
Uq-EC and Uq-SK could be correlated, however, in most 
cases, relationships among these Uq's disclose that the 
linkage intervals are more than 35. 

Illinois oil and protein line-related. Selection of the Illi- 
nois oil and protein lines was initiated in 1896 by analyz- 
ing 163 open-pollinated ears of the 'Burr's White' variety 
for percent oil and percent protein (Dudley 1976). Uq con- 
tent was identified in RHP1968 (RHPC21) and SHO1968 
(SHOC14) (Cormack et al. 1988) suggesting the same Uq, 
but the linkage between the 2 is 44.68. 

Any relation of Jarvis Golden Prolific and Hays Golden 
to other corn lines or populations previously discussed is 
not known. The linkage value between Uq-Jarvis and 
Uq-HGC25 was 1.92 (possibly allelic), however they were 
not allelic to other Uq elements according to this study. But 
the linkage relationships on the basis of the pedigree anal- 
ysis of each of these 2 Uq elements to others were some- 
what variable. 

These data related to corn breeding lines strongly sup- 
port the concept that Uq is not a unique Mendelian locus 
but has transposed in the past over the host chromosomes, 
or alternatively that quiescent Uq elements have been in- 
dependently activated at various positions in the genome. 

Uq elements derived from genetic stocks 

eira and Peterson 1985; Caldwell and Peterson 1989) may 
provide a clue that they are not allelic. Each Uq was dis- 
covered independently with separate pedigrees from stocks 
5-12 generations after BSMV treatment. 

Uq-31 was isolated as a spotted round kernel from the 
1979 isolation plot. Uq-66 and Uq-67 arose on the same 
ear from the 1980 plot from stocks that carried Uq-St in 
pedigree and were phenotypically identical with Uq-St, 
suggesting that they could be re-isolates of Uq-St (Cald- 
well and Peterson 1989). Uq-870621Y is a germinal iso- 
late (Pan and Peterson 1991a) and known to be indepen- 
dent of Uq-St (Pan and Peterson 1991b). 

The Uq linkage values from genetic stocks, plus 
Uq-PDent and Uq-Jarvis from breeding populations, are 
presented in Fig. 2. The results of this study illustrate that 
the 6 Uq elements found in the center of the plot in Fig. 2 
(Uq-St, Uq-16, Uq-31, Uq-67, Uq-PDent and Uq-Jarvis) 
are allelic or reside in a very small linkage block, whereas 
the other 3 Uq elments (Uq-13, Uq-66 and Uq-870621Y) 
seem to be somewhat independent of the 6 allelic ones and 
far-linked from each other. There are, however, three 
groupings that show a clear linkage: Uq-13 - Uq-16 
(=5 cM), Uq-66- Uq-Jarvis (~-10 cM), and Uq-31 and 
PDent- Uq-870621Y (~3 cM). These small linkage val- 
ues might be a result of transposition events. This result 
supports the contention stated in the previous studies that 
Uq-13 and Uq-870621Y are independent of Uq-St. Our 
study also demonstrated that Uq-13 and Uq-870621 Y seem 
to be independent of each other (--45 cM). 

The clear allelism of Uq-St and Uq-16 refutes the past 
presumption based on dissimilar spotting patterns that they 
might be located at different sites (Pereira and Peterson 
1985). In a molecular analysis, al-ruq and al-m16 were 
shown to be the same allele; they contain the first 100 bp 
that are identical and are inserted at the same position and 
in the same orientation (Pisabarro et al. 1991). Thus, there 
must be some functional differences between Uq-St and 
Uq-16. 

Uq-St, Uq-31, Uq-66 and Uq-67 are either allelic, 
closely linked or almost independent, but none that are 
clearly independent are on chromosome 2 (Pereira and Pe- 
terson 1985). This was supported by the allelic test deter- 
mination that showed that these Uq elements are all linked 
to Uq-HGC25 (=Ac; Peterson, unpublished), although the 
values are somewhat inconsistent (data not shown, Seo 
1994). Uq-Hiloss and Uq-RHP1968 show a close linkage 
value (= 6 cM), and each has allelic or linkage relationships 
to those Uq elements on chromosome 2 (data not shown, 
Seo 1994), providing concrete evidence that many are on 
chromosome 2. 

It has been suggested that Uq-St is located on chromosome 
2. Uq-St is allelic to Uq (a-et line), which is linked to a chro- 
mosome 2-9b wx translocation (cM is not known), and it 
appears to be independent of, but may be far-linked to, Uq- 
13 (~-45 cM) (Pereira and Peterson 1985). Under the as- 
sumption that different positions could be responsible for 
distinct spotting patterns induced by different Uq elements, 
spotting patterns induced by Uq-St, Uq-13 and Uq-16 (Per- 

Discussion 

Explanation of variable values 

The data on percentage of spotted kernels among the alle- 
lic test crosses showed a very wide range of values that 



varied from 15% to 100% in an extreme case. Discarded 
values require a reasonable explanation. As stated when 
we were justifying instability in the Materials and meth- 
ods section, the unexpected wide range o f  values can be 
explained by the instability of (methylation, loss or inac- 
tivation) of Uq, or partly by c-ruq. A simple theoretical 
mechanism to explain this whole range of quantitative val- 
ues can be demonstrated that is in accordance with the num- 
ber of allelic Uq elements in each sample before and after 
replication. First, homozygosity without loss will give 
100% spotted kernels (spots). Second, homozygosity with 
loss or inactivation of one copy after replication will give 
75% spots. Third, hemizygosity or heterozygosity due to 
the loss of one copy before replication will give 50% spots. 
Fourth, hemizygosity with loss of one copy after replica- 
tion will give 25% spots. 

In addition, quantitative values not included in the link- 
age calculation may be affected by the partial inactivation 
of Uq elements in individual kernels, combined with the 
loss or absence of c-ruq. Random sampling or transmis- 
sion error may partly explain values that are slightly devi- 
ant from each class (75%, 50% and 25%). Counting errors 
could be involved because some spots may escape detec- 
tion. Also, the degree of linkage distance between 2 Uq 
elements is responsible for the varied percentages of spots. 
If allelic, the loss of one copy after replication will pro- 
duce 75% spots. If independent, free recombination 
between them will give 62.5% spots. Therefore, 2 linked 
Uq elements will give a frequency of spots between 62.5% 
and 75%. Transposition events also, although not fre- 
quently, generate variable values. When 2 Uq elements are 
linked, transposition alters the linkage value, and thus the 
proportion of spotted kernels. If replicative transpositions 
similar to Ac (Chen et al. 1992) would also occur and 2 or 
more Uq copies were present in one strand in a selected 
kernel, its progeny would not show consistent values. 

It was not investigated how often there is a loss or in- 
activation of Uq. However, values far below 25% do not 
often occur. The mid-values from 25% to 50% vary, but in 
most cases data close to 50% are predominant, which leads 
to the conclusion that loss or complete inactivation of a Uq 
sequence before transmission to the progeny is rare. It 
could therefore be concluded that partial inactivation of in- 
dividual Uq copies, coupled with variable degrees of link- 
age distance between two Uq's, is mainly responsible for 
the wide range of mid-values. 

Extrapolation on the origin of Uq elements 

The large linkage values among Uq elements definitely 
suggest that they have transposed over the genome. Some, 
especially from genetic stocks, are clustered on chromo- 
some 2, and most of the ones from breeding populations 
have large linkage values or almost independent relation- 
ships. The clustering and the wide distribution of Uq ele- 
ments over the genome can be explained in two ways. One, 
originally there was 1 Uq present. The lack of variegated 
kernels does not indicate the absence of active transpos- 
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able elements but rather the lack of reporters. Replication 
and transposition via intra- or interchromosome spread 
(Dover et al. 1982) of this Uq could have resulted in some 
Uq elements becoming clustered around a target site 
(Founder site) and subsequently dispersed around this site, 
and others becoming distributed over the genome. The 
other explanation on the clustering of Uq's is that a num- 
ber of dispersed quiescent Uq sequences, whose distribu- 
tion could be explained by intra- or interchromosome 
spread, are present. These sequences can be activated spon- 
taneously or by internal or external stresses (McClintock 
1978, 1984; Pan and Peterson 1988b, 1989, 1991a). Clus- 
tering can result from the activation of clustered quiescent 
sequences or from the transposition of activated Uq ele- 
ments to sites adjacent to other sequences. 

Several studies with other transposable elements have 
supported the activation of inactive transposable element 
sequences and the presence of inactive transposable ele- 
ment copies. Environmental genomic stress or shock fac- 
tors have been known to stimulate the activation of maize 
transposable elements (McClintock 1984). These factors 
include chromosome breakage (Doerschug 1973; McClin- 
tock 1978), tissue culture (Peschke et al. 1987), mutagens 
(Walbot 1986), viral infection (Peterson 1985; Sprague 
1986), A-bomb tests (Peterson 1953) and demethylation 
(for review, Otto and Walbot 1990). 

The clustered occurrence of other transposons has also 
been reported. Nonrandom chromosomal distribution of 
Ac-like sequences on chromosome 4 in four maize inbreds 
was determined using the recombinant-inbred mapping 
technique (Johns et al. 1990). Using DNA gel blot hybrid- 
ization and chi-square tests for independence, Ingels et al. 
(1992) found that 34 of the progeny of a cross between a 
Mutator plant and a non-Mutator plant carried Mu elements 
occurring in clusters in the maize genome. 

Possible roles of Uq in corn breeding progress 

Our results show that several Uq's are allelic, linked or in- 
dependent. More interestingly, most of the Uq elements 
found from corn populations show quite distant or inde- 
pendent linkage relationships. Those from genetic sources 
appear to be clustered on one chromosome. Lack of a lin- 
ear linkage map among these Uq elements can result from 
Uq transposition events. As previously discussed, either 
Uq has had a single origin and has moved or Uq elements 
have arisen spontaneously. If Uq has transposed around the 
genome, genetic diversity was created by virtue of the char- 
acteristics of transposon movements. Uq might have sur- 
vived small breeding selection intensities in corn breeding 
by creating favorable alleles and shutting down negative 
genes, resulting in favorable epistasis. It can not be ex- 
cluded that Uq changes in distribution have been altered 
via genetic drift (Lamkey et al. 1991). 

The generation of new alleles has been motivated by a 
mechanism inducing genetic diversity and can reasonably 
support the maintenance of genetic variance in breeding 
populations. Recombination is one mechanism responsible 
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for the genera t ion  of  genet ic  variance.  For  the past  couple  
of  decades ,  there has been clear  ev idence  that t ransposable  
e lements  have created new mutant  al le les  by  media t ing  ge- 
netic instabil i ty,  genera t ing  stable null  mutants  and modi -  
fy ing enzymat ic  proper t ies  and genet ic  suppress ion (for re- 
view, Wesster  1988; Gier l  et al. 1989). It is not unusual  that 
both the insert ion and excis ion  of  t ransposable  e lements  
induce funct ional ly  act ive but  quant i ta t ive ly  and qual i ta-  
t ive ly  al tered gene products ,  resul t ing in new alleles.  These  
phenomena  have been avai lab le  genet ica l ly  and molecu-  
larly, espec ia l ly  in genes involved  in the an thocyanin  path-  
way and two of  the mos t - s tud ied  maize  genes,  Wx andAdhl 
(McCl in tock  1951; Echt  and Schwar tz  1981; Schwarz-  
Sommer  et al. 1985; Wess le r  et al. 1986; Schiefe lbe in  et 
al. 1988; Peterson 1990; Dawe  et al. 1993). Such a saga of  
mobi le  e lements  may  be a mechan i sm to generate  favor-  
able al le les  or those useful  for the express ion  of  b reed ing  
select ion standards.  

Transposon- induced  muta t ions  can control  gene expres-  
sion pos i t ive ly  and negat ively.  Waxy prote ins  f rom wx mu- 
tant a l le les  with and without  Ds were shown to p roduce  a 
range of  enzymat ic  act ivi t ies  (Schwarz -Sommer  et al. 
1985; Wess le r  et al. 1986). Adhl-Fm335 (Dsl at posi-  
t ion+53 in the untransla ted leader)  r educed  s teady state 
m R N A  to 1% of  wi ld - type  levels  (Dennis  et al. 1988). R N A  
protec t ion  assays  of  rever tants  of  the Dsl-induced muta-  
t ion Adhl-Fm335 (Dawe et al. 1993) i l lus t ra ted a natural ly  
occurr ing  over-  and under -express ion  of  mutants  ranging  
f rom 48% to 163% of  the wi ld - type  Adhl  level  in maize  
pol len  resul t ing f rom changes  in s teady state levels  of  
m R N A .  B iochemica l  and molecu la r  studies of  Bz-McC 
(wi ld- type) ,  Bz-wm (Dsl ups t ream of  the t ranscr ip t ion start  
site) and its rever tants  conf i rmed  that three addi t ional  nu- 
c leot ides  are accountab le  for the al tered thermal  s tabi l i ty  
of  the enzyme and that Dsl inf luences  the s teady-s ta te  level  
of  Bz-specif ic  prote in  and R N A  (Schiefe lbe in  et al. 1988). 

The role(s)  of  Uq in corn popula t ions  remains  to be re- 
solved.  
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