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Summary. Active Mutator lines of maize (Zea mays L.) 
are characterized by their ability to generate new mutants 
at a high rate and by somatic instability at Mutator- 
induced mutant alleles. Mutagenically active lines with 
fewer than ten Mu elements per diploid genome have not 
been observed. Alteration of Mutator activity has been 
shown to correlate with the state of modification of  Hinfl 
restiction sites that lie within inverted terminal repeats of 
Mu elements. To determine whether active Mutator sys- 
tems can be established and maintained in culture, copy 
number and modification state of Mu elements were in- 
vestigated in embryogenic callus lines derived from Fls of 
crosses of active Mutator stock with the inbred lines 
A188 and H99. All callus lines studied maintain high 
Mu-element copy numbers, and more than half show a 
continued lack of modification at the Mu element HinfI 
sites; thus, parameters associated with mutagenic activity 
in planta are present in some, but not all, callus lines. 
Mutator activity was then tested directly by restriction 
fragment analysis of subclonal populations from 
A188/Mu 2 and 2 H99/Mu embryonic cultures. Novel Mu- 
homologous restriction fragments occurred in 38% of 
the subpopulations which contained unmodified Mu ele- 
ments, but not in control cultures containing modified, 
genetically inactive Mu elements. We conclude that Mu 
elements from active Mutator parents can remain trans- 
positionally active in embryogenic cell culture. Active 
Mutator cell lines may be useful for the production of 
mutations in vitro. 
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Introduction 

In 1978, Robertson described a line of maize character- 
ized by the ability to generate new mutants at a high 
frequency, 30-50 times the spontaneous level (Robert- 
son 1978). This Mutator system was first characterized 
molecularly by the isolation of a 1376 base-pair (bp) 
element from an unstable Mutator-induced allele of Adhl 
(Bennetzen et al. 1984). Sequence analysis showed that 
the element, designated Mu 1, has transposon-like fea- 
tures which include inverted terminal repeats of 213 and 
215bp flanked by 9-bp host sequence duplications 
(Barker et al. 1984). Hybridization of genomic DNA 
from Mutator lines with Mu 1 reveals a family of elements 
of different lengths that are similar in structure and share 
homology in the terminal repeats (Barker et al. 1984; 
Walbot et al. 1985; Taylor et al. 1986; Chen et al. 1987; 
Talbert et al. 1988). Related sequences of this type, 
collectively termed Mu elements, are typically found 
in 10-70 copies in Mutator stocks (Bennetzen 1984). 
The best-characterized elements, M u l  and Mul .7 ,  are 
thought to be incapable of autonomous transposition. 

There is evidence that Mu element transposition oc- 
curs by replication (Alleman and Freeling 1986) and that 
it is developmentally rather than chronologically trig- 
gered, taking place either late in the development of the 
germline (meiotically or postmeiotically) (Robertson 
1980, 1981a, 1984) or early in the development of the 
embryo (Robertson 1985, 1986, 1988). Transpositional 
activity is retained in 90% of outcross progeny (Robert- 
son 1978) but is typically lost after two to four genera- 
tions of intercrossing (Robertson 1983). About 40% of 
all newly induced mutants are somatically unstable 
(Robertson, personal communication). This instability 
yields wild-type revertant sectors, due to excision of the 
Mu element from the mutant allele (Taylor and Walbot 
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1987). Because it is not  known whether t ransposi t ion and 
excision are related, total  M u t a t o r  activity is usually 
measured by two criteria: (1) the induction of  new 
mutants,  s temming from M u  element transposit ion;  (2) 
somatic mutabi l i ty  of  mutan t  alleles, representing M u  

element excision events. 
Al tera t ion  of  M u t a t o r  somatic activity correlates with 

the state of  modif icat ion of  H i n f l  restriction sites that  lie 
within the inverted repeats of  M u  elements. M u  elements 
of  M u t a t o r - i n d u c e d  mutant  alleles that  have become 
somatically stable by intercrossing have been shown to 
have modified H i n f I  sites, while these H i n f I  sites remain 
unmodified in M u  elements of  lines showing continued 
somatic mutabi l i ty  (Chandler  and Walbo t  1986). Ben- 
netzen and coworkers found that  lines with extensive M u  

element modif icat ion had also lost mutagenic activity in 
subsequent generations (Bennetzen et al. 1987). Mutage-  
nically active M u t a t o r  lines with fewer than ten M u  

elements per diploid genome have not  been observed 
(Bennetzen et al. 1987), and stable maintenance of  a high 
M u  element copy number  from one generation to anoth-  
er is thought  to be a feature o f  an active M u t a t o r  system 
(Walbot  and Warren  1988). 

Research to date with the M u t a t o r  system has cen- 
tered pr imari ly  on the analysis of  differentiated maize 
tissues in planta,  including leaves, seedlings, immature  
ears, and kernels. However,  tissue culture can provide an 
impor tant  extension of  studies of  certain in p lanta  phe- 
nomena.  In vitro methods have been used in a limited 
way to analyze the activity of  the Act i va tor  and Enhancer  

t ransposable element systems in maize endosperm cul- 
tures (Reddy and Peterson 1977; Culley 1986), and more 
extensively in the analysis of  transgenic expression o f  A c  

activity in tobacco (Baker et al. 1986). F o r  this study, 
Type II  embryogenic callus lines containing families of  
M u  elements were established from F 1 embryos of  crosses 
of  active M u t a t o r  lines with two maize inbreds. Type II  
callus lines of  maize (Armstrong and Green 1985) are 
reliably fast-growing, allowing for continued analysis of  
an expandable  pool  of  tissue which is genotypically 
identical except for r andom rearrangements  induced by 
somaclonal  variation. 

We report  the character izat ion of  M u  element copy 
number  and H i n f l  site modif icat ion in 13 independently 
derived embryogenic callus lines. In  addit ion,  we present 
molecular  da ta  indicating t ransposi t ion o f  M u  elements 
in vitro. 

Materials and methods 

Seed stocks. Mutator stocks were generously supplied by D. S. 
Robertson, Iowa State University. First-generation Mutator 
stock is designated Mu 2, the progeny of a cross between two 
standard Mu lines (Robertson 1982). Mu 2 lines were used as 

active Mutator parent stock because of their expected high 
mutation frequency. Mu lines intercrossed for four or five gener- 
ations (Mu 16 and Mu 32) were used as presumptive inactive Mu 
parent lines (Robertson 1983). A188 seed was a gift from R. L. 
Phillips, University of Minnesota, and H99 seed was a gift from 
W. A. Russell, Iowa State University. 

Crosses. Crosses of maize inbred lines A188 and H99 with Muta- 
tot lines and the Type II embryogenic cultures derived from each 
cross are listed in Table 1. Inbreds A188 and H99 were chosen 
as F 1 parents because of the previously demonstrated ability of 
the immature embryos of these lines to form embryogenic callus 
(Green and Phillips 1975; Hodges et al. 1986). M u  2 parental 
lines were also outcrossed to standard lines for subsequent tests 
of Mutator activity (Robertson 1978). 

Culture initiation and maintenance. Cultures of 9- to 12-day em- 
bryos (approximately 1-2 mm in length) were initiated by stan- 
dard methods (Green and Phillips 1975) on N6 basal medium 
(Chu et al. 1975) supplemented with 2% (w/v) sucrose, 0.74 mg/1 
2,4-dichlorophenoxyacetic acid (2,4D), 6mM asparagine, 
5.5 mM myoinositol, 12 mM proline, and 0.3% Gelrite (Kelco). 
One month after culture initiation, the proline concentration 
was reduced to 6 mM. Cultures were incubated at 28 ~ in the 
dark. After 2 weeks, all embryos were moved without selection 
to fresh medium. Type II embryogenic callus (Armstrong and 
Green 1985) was thereafter selected and propagated biweekly, 
and the remaining tissue from each line was saved and stored at 
-20~ (Fig. 1). 

DNA isolation and Southern blot analysis. Genomic DNA was 
isolated from frozen embryogenic callus tissue by the method of 
Rivin et al. (1982). After purification by ultracentrifugation, 
DNA concentrations were determined spectrophotometrically. 
Restriction enzymes were obtained from Bethesda Research 
Laboratories and New England Biolabs and were used accord- 
ing to the suppliers' instructions. Approximately 5 lag of high- 
molecular-weight DNA was digested with 3 -5  units of restric- 
tion enzyme/lag DNA and subjected to etectrophoresis through 
0.8% agarosc gels. UV-nicked DNA fragments were transferred 
to Genetran (Plasco) by the procedure of Southern (1975). After 
baking for 2 h at 80~ under vacuum and washing for 2 h at 
65~ in 0.1 x SSC, 0.1% SDS, hybridizations were carried out 
in 50% formamide, 5 x Denhardt's, 3 x SSC, 100 gg/ml dena- 
tured salmon sperm DNA, 1% SDS, 5% dextran sulfate, and 
~2 x 107 cpm 32P-labeled DNA at 42~ for 36 h. Filters were 
washed in 50% formamide, 5 x SSC, 0.2% SDS for 30 rain at 
42~ then washed three times for 45 rain each in 0.1 x SSC, 
0.1% SDS at 65 ~ with agitation and exposed to Kodak XAR-5 
film with a Lightening Plus intensifying screen (DuPont) at 
-70~ for 2-5 days. Filters were prepared for rehybridization 
by removal of probe in washings at 95~ in 0.1 xSSC, 0.1% 
SDS. 

Probes. The M u l  probe used was a 959 base pair MluI  fragment 
isolated from pJMA4, which contains a clone of the entire Mu 1 
element. This fragment contains 944 base pairs of the internal 
portion of the Mu 1 element and 15 base pairs from one of the 
inverted terminal repeats (Fig. 2d). To check for complete diges- 
tion of DNA samples, blots were stripped and rehybridized to 
a 9-kb maize ribosomal tandem repeat probe isolated from 
pZmR1 by digestion with EcoRI. pZmR1 was kindly supplied 
by D. Grant, Pioneer Hi-bred International. Probes were la- 
beled with 32p by the random hexamer (Pharmacia) primer 
reaction (Feinberg and Vogelstein 1983). 
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Fig. 1. Scheme for p ropaga t ion  o f  embryogen ic  
cell popu la t ions  and  collection o f  samples  for 
molecu la r  analysis .  Inbred  A188 or H99 plants  
were crossed with Mutator s tock as described in 
Table 1. E m b r y o s  harves ted  at  app rox ima te ly  the  
10-day s tage f rom F 1 p rogeny  ears were ini t iated 
in cul ture  on  N6  m e d i u m  supp lemen ted  as de- 
scribed (Mater ia ls  and  methods) .  E m b r y o s  wi th  
the  best Type II embryogen ic  callus were cont inu-  
ed as callus lines at  the second t ransfer  (T2) while 
nonselected e m b r y o s  were pooled an d  s tored at  
- 20 ~ for subsequen t  molecu la r  analysis .  All tis- 
sue f rom each selected callus line was ei ther t rans-  
ferred to fresh m e d i u m  or s tored at - 2 0 ~  at  
each subcul ture .  Leaves f rom the 4- to 7-leaf s tage  
o f  the p lan t  or  i m m a t u r e  second ears were used 
for molecu la r  analysis  o f  inbred and  Mutator pa-  
rental  plants .  All Mutator paren t s  were out-  
crossed to s t anda rd  lines. The  F 2 p rogeny  of  these 
crosses were used in the test for Mutator activity 
as described (Results)  

T a b l e  1. M u - e l e m e n t  HinfI-site modif ica t ion  in F 1 hybr id  callus cul tures  

Cross  New Mu Paren t  F 1 ear  
m u t a n t  modi f ica t ion  
f requency a state b 

Modi f ica t ion  E m b r y o  Modi f i ca t ion  
o f  pooled  line state b 
sib embryos  b ( ~  6 mo.  samples)  

A 1 8 8 / M u  z 
3579-3 • 021-1 7% na  3579-3 
3579-16 • 021-1 7% na  3579-16 
646-8 • 207-8 12% - 646-8 

643-9 • 863-8 30% - 643-9 

H99/Mu 2 
607-4 • 606-3 na  na  607-4 

647-8 • 845-6 4 %  - 647-8 

657-2 • 846-3 0 na  657-2 

na  3579-3A - 
na  3579-16C - 
+ 646-8B - 

646-8C 
646-8D + 

- 643-9B - 

na  607-4A + 
607-4B 
607-4C 

+ 647-8A + 
647-8B 

+ 657-2A + 
657-2C + 

H99/Mu16 o r  3 2  

666-2 • 640-8 na  na  666-2 + 666-2A + 
666-4 • 640-9 na  na  666-4 + 666-4A + 
666-6 • 840-5 na  na  666-6 + 666-6A + 

a Percent  new seedl ing m u t a n t s  in F 2 seeds (R obe r t son  1981 b) 
b + all Mu elements  in this  sample  were modif ied  at the  Hinfl sites; _+ some  o f  the  Mu elements  were modif ied  and  so m e  were 
unmodi f i ed  at  the  HinfI sites; -- none  o f  the Mu elements  were modi f ied  at  the  HinfI sites; na  da ta  no t  avai lable 



386 

Ida 

,~ A l a S ~  
I 2 3 4 

B. A I ~ r ~ 2  
1 2 3 4 5 

C. I ~ 2  Pat~ts 
1 2 

1.6 

1.3 

0 .95  

v ~ v 
v 

I ~  I ~  I/~ I ~-  
~ t o  

D~ 

~J'/fl r~r ~ ~ ?/~,1~ I 
/ 

P r o b e  I ' 1u i  I M 1 u l  

A ~  

, .  ~.-~ ~, ~ ,*  ~, 

,,O '~ 

N 

b•r[• hf/vl F~111-1 N~fl 
I l (  ( 

too bp 

Fig. 2A-D.  HinfI digestions of genomic 
DNA from AI88/Mu 2 embryogenic cul- 
tures and Mu 2 parent plants (number in 
parentheses indicates months in culture). 
DNA samples (5-8 gg) were digested with 
HinfI, electrophoresed through 0.8% aga- 
rose gels, transferred to a nylon mem- 
brane, and hybridized with the fragment of 
Mul (Mu/MluI) shown on the restriction 
map D. A DNA from tissue samples of 
A188/Mu 2 callus line 3579-3A, isolated 
after 7 months and 19 months in culture, 
was digested with HinfI (lanes ! and 2); 
DNA from tissue samples of line 3579-16C, 
taken at the same time points, was simi- 
larly digested (lanes3 and 4). B HinfI 
digestions of DNA from tissue samples of 
pooled sib embryos (pooled at T 2 and T3) 
of the crosses 646-8 x 207-8 (lane 1) and 
643-9 x 863-8 (lane 5); HinfI digestions of 
DNA from individual embryogenic callus 
lines 646-8B (lane 2), 646-8D (lane 3), and 
643-9B (lane 5). C DNA from immature 
leaf samples of Mutator parent plants 
207-8 (lane 1) and 863-8 (lane 2) was di- 
gested with HinfI 

R e s u l t s  

Experimental design: scheme for  propagation 
o f  embryogenic cell populations and collection 
o f  samples for  molecular analysis 

Progeny embryos from each inbred/Mutator F 1 ear were 
cultured (To) and examined after 4 weeks (T2) and 6 
weeks (T3) for the appearance of  Type II embryogenic 
callus. At  T 2 and T 3, tissues from embryos with the best 
Type II embryogenic morphology  were preserved and 
propagated  as separate embryogenic callus lines, whereas 
all other sib embryos and nonembryogenic  tissues were 
pooled and stored at -20  ~ (Fig. 1). Beginning with T4, 
the best Type II callus from each individual  line was 
transferred and propagated,  and nonselected tissues were 
stored separately at -20~  for subsequent molecular  
analysis. In this manner,  all tissue descending from each 
embryo popula t ion  was saved in the fresh or frozen state. 
D N A  isolated from sib embryos pooled at 4 and 6 weeks 
(T 2 and T3) was analyzed molecularly to give the earliest 
possible character izat ion of  Mu elements in an embryo-  
genic callus culture. 

To determine the effects of  culturing on Mu element 
copy number  and modif icat ion state, it was necessary to 

make comparisons with parental  plant  controls. Leaf  
samples taken at the four- to seven-leaf stage from Muta- 
tot parents  were used for molecular  analysis of  Mu ele- 
ment copy number  and HinfI-site modificat ion (Table 1). 
In addit ion,  all Mu 2 parent  plants were tested genetically 
for Mutator activity (Rober tson 1981 b). In this test, Mu 2 
plants were outcrossed to a s tandard  line, and at least 
50 F 1 seeds were planted and self-pollinated in the next 
growing season. Approximate ly  50 seeds from each F 2 
ear were then planted in a sand bench and screened for 
seedling mutants.  The observed muta t ion  frequency (per- 
centage of  F 1 plants  segregating for seedling mutants  
observed) is used as a measure of  Mutator activity. By 
this criteria, Mutator parent  plants  207-8, 863-8, and 
647-8 were mutagenically active. In contrast ,  Mutator 
parent  plant  657-2 generated no new seedling mutants  
(Table 1). 

The number  of  Mu l -hybr idiz ing sequences (endoge- 
nous Mu elements) in each inbred parent  line was 
determined by analysis of  genomic D N A  isolated from 
leaf samples of  A188 and H99 plants  at the four- to 
seven-leaf stage. A188 was found to have two resident 
Mu-hybridizing sequences and, H99, one (data  not 
shown). 



Six A188/Mu 2, seven H99/Mu 2, one H99/Mu 32, and 
two H99/Mu 16 embryogenic lines were chosen for molec- 
ular analysis because of their excellent Type II callus 
phenotype and fast growth. 

Mu element copy number 

Determination of Mu element copy number in these F a 
embryogenic callus lines was made in two ways. First, 
copy number reconstructions of 10, 20, and 50 copies of 
Mu elements were established from the Mu 1-containing 
plasmid pJMA4. For callus lines with unmodified Mu 
elements, visual density comparisons were then made 
between these copy reconstructions and the 1.3-kb Mu 1 
element bands generated by digestion with HinfI and 
hybridization with the Mu probe. Similar comparisons 
were also made by digesting DNA from callus cultures 
with modified Mu elements with the enzyme Tthl l l I ,  
another enzyme for which there are restriction sites in the 
Mu element inverted repeats (Fig. 2 D). Although there 
is no published information on the specific effect of 
5-methyl-deoxycytosine on cleavage by Tthl 11I, other- 
wise-modified Mu elements have been cleaved with this 
enzyme (Chandler and Walbot 1986). These methods 
allow crude estimates of copy number for both un- 
modified and modified Mu elements. Second, because the 
Mu elements are normally dispersed throughout the ge- 
nome, digestion of DNA with enzymes that cleave out- 
side the Mu 1 elements yields a ladder of discrete bands 
upon hybridization with Mu 1. A count of the number of 
these Mul-hybridizing bands provides a more accurate 
assessment of copy number. With these two methods, we 
determined that all A188/Mutator and H99/Mutator 
embryogenic callus lines used in this study have approxi- 
mately 15-25 copies of randomly dispersed Mul-  
hybridizing elements. 

Mode'cation state of  Mu elements in F 1 embryogenic 
callus lines 

The most common type of modified nucleoside in plant 
DNA is 5-methyl-deoxycytosine (Grierson 1977). In 
maize, approximately 25 % of the deoxycytosine residues 
are methylated, primarily at CpG or CpNpG sites (Hake 
and Walbot 1980). Although there are conflicting reports 
on the methylation sensitivity of HinfI (McCMland and 
Nelson 1985; Gruenbaum et al. 1981), Chandler and 
Walbot (1986) suggest that the modification seen at Mu 
element HinfI sites is deoxyeytosine methylation. 

Digestion of DNA with Hinfl and subsequent hybri- 
dization with a Mu 1 probe result in discrete 1.3-kb and 
1.6-kb bands which represent the Mu 1 and Mu 1.7 ele- 
ments, respectively, when the Mu element HinfI sites are 
unmodified. However, if the cytosine residues within the 
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HinfI recognition sequences are methylated, the enzyme 
will fail to cleave the DNA at those sites. In this case, 
hybridization with the Mu 1 probe yields a ladder of 
bands larger than 1.3 kb because of HinfI digestion at 
unmodified restriction sites external to the Mu elements. 
When such modification was observed, DNA from the 
same line was digested with Tth111I. The absence of 
higher molecular weight bands homologous to Mu 1 
upon digestion with Tthl 1 l I  indicates that the ladder of 
bands seen with HinfI digestion is due to Mu element 
modification, rather than the presence of larger sized 
Mu 1-homologous elements in the genome. 

The state of Mu element HinfI modification varies in 
the 13 F 1 cultures examined (Table 1). Among the six 
A188-derived embryogenic callus lines, one culture 
(646-8D, Fig. 2 B, lane 3) has Mu elements which are 
uniformly modified at these restriction sites, one has a 
mixed population of Mu elements with both modified 
and unmodified HinfI sites (646-8C, data not shown), 
and four have only Mu elements which are unmodified at 
the HinfI sites (3579-3A and 3579-16C, Fig. 2A; 643-9B 
and 646-8B, Fig. 2 B). Similar variation occurs when H99 
is the contributing inbred parent (Fig. 3A and B). Al- 
though the sample size is small, these data indicate that 
the genetic contribution of neither inbred parent is suffi- 
cient to provide strong, uniform regulation of the state of 
HinfI modification in 1:1 hybrid cultures. 

As expected, those callus lines generated by crossing 
H99 with inactive Mutator parents (Mu 16 and Mu 32) 
show complete HinfI modification of Mu elements, as 
seen in outcrosses of Mutator lines previously made inac- 
tive by intercrossing (Bennetzen 1987) (Fig. 3C, lanes 
1-3). 

Mu element modification state & stable over time in culture 

Two A188/Mutator callus lines (3579-3A and 3579-16C) 
have been in continuous culture for almost 2 years. For 
line 3579-3A, comparison of samples taken after 7 and 19 
months in culture showed that complete absence of HinfI 
modification of Mu elements persisted (Fig. 2A, lanes 1 
and 2). Similar examination of line 3579-16C after 7 and 
19 months also indicated stability of modification state; 
however, the appearance of two faint, high molecular 
weight bands in the later sample indicated that some 
modification of Mu elements may have taken place after 
many months of growth in vitro (Fig. 2 A, lanes 3 and 4). 

Mu element modification in sibling H99/Mu 2 lines 
(607-4A and 607-4B) was also examined after 3, 6, and 9 
months of culturing. At all three time points, the Mu 
elements in line 607-4B remained uniformly unmodified 
(Fig. 3A, lanes 1-3),  whereas sibling line 607-4A re- 
tained approximately 24 copies of Mu elements modified 
at HinfI (Fig. 3A, lanes 4-6).  
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F i g .  3A-C.  HinfI and Tthl 111 digestions of genomic DNA from H99/Mutator embryogenic callus cultures (number in parentheses 
indicates months in culture). DNA samples (5-8 lag) were digested with HinfI or Tth 1111 and treated as described in Fig. 2. A Lanes 
1-3 show HinfI digests of DNA from tissue of line 607-4B isolated after 3, 6, and 9 months in culture. Lanes 4-6  show HinfI digests 
of DNA from tissue samples of sibling line 607-4A after 3, 6, and 9 months in culture. B HinfI and Tthl 111 digests of DNA from 
pooled sib embryos from the crosses 845-6 x 647-8 (lanes I and 2, respectively), and 846-3 x 657-2 (lanes 5 and 6, respectively); Hinfl 
digests of descendent H99/Mu 2 embryogenic callus lines (sibling lines 647-8A and 647-8B in lanes 3 and 4; sibling lines 657-2A and 
657-2C in lanes 7 and 8). C HinfI and Tthl 11I digests of DNA from H99/Mu 16 callus lines 666-4A (lanes 1 and 4, respectively) and 
666-2A (lanes 3 and 6, respectively), and H99/Mu 32 line 666-6A (lanes 2 and 5, respectively) 

The basic stability of  the initial state of  modif icat ion 
in a lmost  all lines examined suggests that  continued cul- 
turing does not  generally reverse modif icat ion pat terns  
that  were established early in culture. 

Comparison o f  Mu element modification in parent plants 

and F 1 cultures 

The experimental  plan used in this study allowed com- 
parisons of  Mu element modif icat ion and mutagenic ac- 
tivity in the Mu 2 parent  with the modif icat ion state of  
Mu elements in the pooled F1 sib embryos (T2 and T3) as 
well as with individual  callus lines established from the 
same ear (Table 1). Embryos  derived from crosses involv- 
ing Mu 2 parents  with significant mutagenic activity, and/  
or families of  Mu elements unmodif ied at the Hinfl sites, 
do  give rise to callus cultures with stably inherited, un- 
modified Mu elements; for example, line 643-9A (Ta- 
ble 1). This parallels the observat ion that  Mu elements of  
F 1 plants  in the first outcrossed generation remain un- 
modified (Bennetzen 1987). In two instances, however, 
there is discordance between the state of  Mu element 
modif icat ion in the Mu 2 parent  and the descendant  callus 
cultures. In line 646-8D and in sibling lines 647-8A and 

B (Table 1), mutagenically active Mu 2 parents  with un- 
modified Mu elements gave rise to F 1 embryogenic calli 
with modified elements. When  this unexpected modifi-  
cat ion occurred, it was detected in pooled sib embryos in 
culture as early as 38 days after ferti l ization (28 days after 
explant). 

New Mu-hybridizing restriction fragments in subclonal 
populations o f  A188/Mu z and H99/Mu 2 callus lines 

New t ransposon insertions in p lanta  are detected by the 
appearance of  a new, usually mutable,  phenotype.  In cell 
culture, when such phenotypic  evidence is absent,  Mu 
element t ransposi t ion must  be inferred from the appear-  
ance of  novel Mu-hybridiz ing restriction fragments. As a 
result of  our  procedures,  in which selected tissues are 
p ropaga ted  biweekly and nonselected tissues are s tored 
for molecular  analysis (Fig. 1), inoculum for each new 
stock transfer often includes less than 10% of  the cell 
popula t ion  in later passages, and in early passages (T 2 
and T3), often much less than 1%. This culture method 
causes popula t ion  "bot t lenecking" ,  so that  r andom 
events which occur in only a few cells may be lost 
(Cavall i-Sforza and Bodmer  1971; Hol l iday et al. 1977). 
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Fig. 4. A Scheme for the propagation of embryogenic callus subclonal lines. After 2.5 months in culture (Tt0), one callus clump 
( ~  1 cm diameter, containing ~ 3 • l0 s ceils) was subdivided into ten microcalli. Each 3-ram diameter microcallus contained ~ 3 x 104 
cells. Tissue from each microcallus was propagated until at least 10 g of tissue could be harvested (4 weeks). DNA was isolated from 
all tissue harvested from each line and digested in single digests with HinfI, Bglll, SstI, and XbaI. B Comparison of XbaI digests of 
two subclonal lines from H99/Mu 2 callus line 647-8B upon hybridization with the Mul/MluI probe. Arrows denote novel restriction 
fragments in one subclonal line (lane 2) (~9.5 kb, 5.9 kb, 3.1 kb, and 2.9 kb). C Comparison of digests of two subclonal lines from 
A188/Mu 2 646-8B callus line (subline 646-8B1 in lanes 1, 3, 5, and 7; subline 646-8B2 in lanes 2, 4, 6, and 8). The Mul/MluI probe 
was used for hybridization. Arrows denote novel restriction fragments in subline 646-8B2 upon digestion with SstI (~2.75 kb) and 
XbaI (~2.15 kb) (lanes 6 and 8). C Two subclonal lines from H99/Mu 32 666-6A are'similarly compared using the same probe (subline 
666-6A1 in lanes 1, 3, 5, and 7; subline 666-6A2 in lanes 2, 4, 6, and 8). Lanes ! and 2 show that Mu elements are completely modified 
at the HinfI sites. There are no alterations in the hybridization profiles of these subclonal lines 
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Thus, a de novo transposition event which occurred in 
one cell and was transmitted to only a few cell descen- 
dants in the 2 weeks between subculture would have a 
90% probability of being excluded from transfer by exile 
to storage. In this instance, it is likely that the low copy 
number of newly generated restriction fragment poly- 
morphisms in stored tissues would be beneath the limits 
of detection by Southern analysis, 

To avoid the stochastic problems caused by bottle- 
necking, subclonal populations of A188/Mu 2, H99/Mu 2, 
and H99/Mu 32 callus lines were established and grown 
without selection or storage of tissue (Fig. 4A). A small 
(1-cm) callus clump from a young culture (Tx0, 20 weeks) 
exhibiting a good Type II embryogenic phenotype was 
subdivided into ten microcalli, each 3 mm in diameter 
(with approximately 1.5-3 x 104 cells). All progeny cal- 
lus in each of these subclonal lines was cultured and 
propagated until 10 to 17 g of tissue could be harvested. 
During this time, each microcallus line underwent at least 
11 population doublings to produce about 3 x 10 T cells. 
DNA isolated from each of these terminal samples was 
digested in single digests with Bgtll, SstI, and XbaI, 
enzymes which do not cleave within Mu 1, and hybridized 
with the Mu 1 probe. In the A188/Mu 2 line 646-8B, which 
contains unmodified Mu elements, one to four novel re- 
striction fragments were detected in three of the eight 
subclonal lines examined. To illustrate, Fig. 4 C presents 
a comparison of two subclonal lines (646-8B1 and 2), 
without and with new restriction fragments, respec- 
tively. In 646-8B2 (Fig. 4C, lanes 6 and 8), new Mu- 
homologous restriction fragments were seen after diges- 
tion with SstI and XbaI, but not with BglII. In 646-8B1 
(Fig. 4C, lanes 3, 5 and 7), the patterns of restriction 
fragments seen after SstI, )ba I ,  and BgllI digestion were 
identical to those in four other sister subclonal popu- 
lations which showed no novel fragments (data not 
shown). Similar analysis of the subclonal lines of H99/ 
Mu 2 line 647-8B, which contains a mixed population of 
modified and unmodified Mu elements, also showed that 
three of eight of these sublines exhibited one to four new 
restriction fragments upon digestion with XbaI (Fig. 4 B, 
lanes 1 and 2). 

Because random chromosomal changes (somaclonal 
variation) occur in cultured plant tissues (Larkin and 
Scowcroft 1981), some nontranspositional rearrange- 
ments involving Mu elements might be expected. Using 
Southern analysis, these chromosomal alterations might 
also be detected as Mu restriction fragment polymor- 
phisms. To investigate this possibility, subcultures of a 
callus line with an inactive Mutator system were estab- 
lished as described. In these sublines, new Mu-hybri- 
dizing restriction fragments would be expected to occur 
because of somaclonal variation rather than Mu element 
transposition. Gel blot analysis of the DNA of ten sub- 
clonal lines from H99/Mu 32 (a fifth-generation inter- 

crossed line with Mu elements modified at the HinfI sites) 
showed no change in the M u l  hybridization profiles. 
Genomic DNAs were also digested with SstI, XbaI, and 
BglII, as well as with Hinfl, which acts as an external- 
cleaving enzyme when Mu elements are modified. Exam- 
ples of this uniformity of Mu insertion pattern are shown 
in Fig. 4 D. Such stability indicates that rearrangements 
of Mu-homologous fragments due to somaclonal varia- 
tion probably did not occur in these subclonal lines dur- 
ing the 11 population doublings tested. 

Discussion 

The establishment and characterization of independent 
maize embryogenic cultures with potentially active 
Mutator systems is described. These cell lines were 
derived from F 1 progeny of mutagenically active Mu 2 
plants crossed with inbred lines capable of producing 
embryogenic callus. In these cultures, transmission of 
unmodified Mu elements in high copy number from the 
parent plants to the 1=1 calli was followed by stable trans- 
mission of these traits through many rounds of tissue 
transfer. Support for the hypothesis that the Mu elements 
in these cultures should be transpositionally active lies 
first in the fact that, like active Mutator systems in plan- 
ta, they contained multiple copies of  unmodified Mu 
elements. Also, since embryogenic callus lines arise from 
early tissue in which there is evidence for Mu element 
transposition in planta (Robertson 1985, 1986, 1988), it 
was felt that these compatible developmental influences 
might persist in culture. 

To test this hypothesis directly, molecular evidence 
for Mu element transposition was sought in experiments 
designed to fix and amplify new genom!c insertions in 
small subpopulations of two F 1 callus lines (646-8B and 
647-8B) containing unmodified Mu elements. Within 
each family of parallel subclonal lines, transposition 
events were indicated by the appearance of novel Mu- 
homologous restriction fragments in three of eight of the 
sublines. In contrast, uniformity of four hybridization 
profiles in ten subclonal lines of an inactive Mu/H99 F~ 
hybrid line showed that random chromosomal rear- 
rangements involving Mu elements did not occur. This 
lack of rearrangement in the latter control cultures sug- 
gests that the novel bands seen in the A188/Mu z and 
H99/Mu z subclonal lines represent the transposition of 
Mu elements to new positions in the genome during cul- 
ture. 

An alternative explanation for the origin of the novel 
Mu-hybridizing restriction fragments in A188/Mu 2 and 
H99/Mu 2 subclonal lines is that the progenitor tissue of 
the embryogenic cell line may have been multicellular 



391 

rather than unicellular in origin, and that this tissue 
might therefore have been mosaic for Mu insertion pat- 
terns. Possible mosaicism for genomic Mu insertion 
pattern within each F 1 embryogenic culture established 
from a small amount of embryonic tissue is made unlike- 
ly, however, by the described method of culture in early 
tissue transfers. Severe bottlenecking not only tends to 
eliminate low level de novo events but also contributes to 
homogeneity in the remaining cell population. Also, 
founder effect (Cavalli-Sforza and Bodmer 1971) in suc- 
cessive subcultures preceding Tlo should have revealed 
latent mosaicism. Southern analysis of all tissues before 
Tlo (4 g in five time samples), however, showed that none 
of the novel restriction fragments seen in the sublines 
could be detected in the DNA of these earlier tissues 
(data not shown). The observed absence of Mu restric- 
tion pattern variations in these early cell generations fur- 
ther indicates that the experiments with nontruncated 
subcultures have allowed retention and detection of new 
Mu-hybridizing fragments which occurred spontane- 
ously during their growth. 

The correlation between absence of Mu element 
modification and Mutator activity observed in planta 
(Chandler and Walbot 1986) was also demonstrated in 
vitro by the finding that only lines containing unmodified 
Mu elements exhibited new restriction fragments (Fig. 4). 
The role of modification in the regulation of Mutator 

activity is not clearly understood. For example, it is not 
known whether methylation results in the loss of Mutator 

activity or, conversely, whether an inactive Mutator sys- 
tem allows methylation. Bennetzen (1987) suggests that 
sequences within Mu l-like elements may be genetically 
active and that modification may block transcription of 
factors necessary for transposition. Alternatively, he sug- 
gests that the modification of Mu elements may interfere 
with their ability to interact appropriately with a trans- 
acting transposase. 

Because it has been shown that progeny from out- 
crosses of Mutator stock have Mu elements unmodified 
at the HinfI sites (Bennetzen 1987), it was expected that 
all of the embryogenic cultures established from the Fa 
progeny of an outcross between an active Mutator line 
with H99 or A188 would contain similarly unmodified 
Mu elements. The finding that many of the Mu elements 
in approximately half of the cultures from active Mu 2 

parents were modified at the Hinfl sites is surprising and 
suggests that this change may be due to conditions 
related to the establishment of cultures from maize em- 
byos. It is known that the culturing of plant tissues re- 
sults in increased genetic variability (Larkin and Scow- 
croft 1981). Genetic and cytogenetie changes such as 
aneuploidy, chromosomal rearrangement, and increased 
frequency of recombination have been well documented 
(review, Larkin et al. 1985), and more subtle molecular 
effects have also been characterized. For example, Brown 

and Lorz (1986) report that generalized changes in 
methylation of genomic DNA are triggered by tissue 
culture stress, and they suggest that these methylation 
changes may contribute to somaclonal variation. Also, 
some still uncharacterized conditions of plant cell culture 
are known to activate previously silent controlling ele- 
ments. Peschke and Phillips (1987) report the induction 
of Ac activity in somaclones regenerated from embryo- 
genic cultures derived from parent plants with cryptic 
Ac, and Groose and Bingham (1986) describe the in vitro 
activation of an unstable somaclonal mutant for flower 
color in alfalfa. 

Our findings indicate that modification of the Mu 

element HinfI sites, when seen, was an event which prob- 
ably occurred before 4 weeks in culture and that the state 
of transposon modification was not altered further dur- 
ing the succeeding year of cell growth. This suggests that 
an initial shock, caused by the explant of the embryo 
and/or its transfer to the in vitro environment, may have 
triggered the modification events. The in vitro generation 
of somatic lrmtability in alfalfa (Groose and Bingham 
1986) also occurred at the onset of  the culturing process. 
An alternative interpretation is that modification of the 
Mu element HinfI sites in these cultures may have result- 
ed from the developmental stage of the tissue cultured, 
rather than from the culturing process per se. Research 
with mammalian cells has shown that most cell types are 
capable of methylating CpG sequences but that early 
embryonic cells in culture are particularly active in this 
respect (review, Bird 1986). Bird (1986) and others spec- 
ulate that the de novo methylating activity in cells may be 
higher than usual in the embryo or that the methylation 
may be the consequence of inactivity of  certain genes at 
this stage. 

It is interesting to note that five of the eight F 1 cell 
lines obtained from crosses of Mu 2 parents which were 
genetically positive for mutagenic activity (and contained 
unmodified Mu elements when tested) had complements 
of Mu elements which were either entirely unmodified or, 
conversely, entirely modified. This indicates that the fac- 
tor(s) regulating modification in vitro acted in those in- 
stances to produce a cell-wide event. Although the three 
remaining cultures from active Mu z parents show a mix- 
ture of modified and unmodified elements, this may only 
reflect a mixed cell population rather than a mixture of  
states of modification within individual cells. The segre- 
gation of Mu-element modification states between F 1 cul- 
tures, including those from the same inbred background 
or the same ear (Table 1), suggests either the segregation 
of a regulator from the Mu z hybrid parent or the opera- 
tion of subtle environmental influences upon the early 
development of individual immature embryos before ex- 
plant. 

Active Mutator systems in maize culture have at least 
two useful applications. First, it should be possible to 
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take advantage of the mutagenic activity of the Mutator 

system previously demonstrated in planta. Mobile Mu 

elements in these cell lines may be very effective as muta- 
gens and subsequent gene tags in the production of 
culture-selectable maize mutants.  Mutants  of maize cell 
physiology will strongly complement the extensive genet- 
ic knowledge of this organism derived from mutant  genes 
obtained in the field. Also, additional studies of the 
Mutator system per se, especially the effects of environ- 
mental stress on regulation of Mu element modification 
and activity, will be possible with these cell cultures. 
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