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SUMMARY

Unstable alleles, broken chromosomes and stable mutants have arisen
in maize out of infected plants of Barley Striped Mosaic Virus and other
viruses. Surprisingly, these same events have appeared out of progenies
of these infected plants that themselves do not show any infection. These
mutants showing instability have resulted from insertions that are not
necessarily related. Two of these insertions (BS1 and TZ86) that have

-been analysed molecularly have the general characteristics of maize
insertions with terminal inverted repeats and host duplication at the
terminus of the transposon. In other experiments three of the unstable
alleles at the a locus in maize (A4 locus, chromosome 3, short arm; one
of genes for anthocyanin control) that arose in derivative lines of the
initially treated plants are responsive to a transposable element, the Ug
element. It was determined that the Ugq element was not present in this
initially treated plant but was present in the untreated female plant. It
is proposed that the initial treatment induced events that in turn led to
the mobilization of elements and that these events continue to occur in
later generations. It seems that genomic events once initiated such as
mobility of elements cannot be terminated despite a discontinuation of
the treatment (virus) and, like a Frankenstein monster, is not responsive
to its maker.

1. INTRODUCTION

Plant viruses have been identified as genome-disturbing agents. According to
Brakke (1984) who has reviewed the case of transmitted virus effects on plants,
research in this area began with McKinney while in graduate school in Wisconsin
between 1919 and 1926. McKinney recognized differences among the yellow spots
on tobacco leaves and believed that this was an expression of virus changes. In
a later pursuit of this plant-virus interaction, McKinney along with Sprague and
collaborators (Sprague, McKinney & Greeley, 1963), identified and provided
support for a phenomenon showing deviations from expected segregation patterns
identified as aberrant ratio (AR) as well as the induction of mutations after
treatment of maize seedlings with Barley Stripe Mosaic Virus (BSMV). These

* Journal Paper no. J-11795 of the lowa Agriculture and Home Economics Experiment
Station, Ames, Project no. 2381.

https://doi.org/10.1017/50016672300022667 Published online by Cambridge University Press


https://doi.org/10.1017/S0016672300022667

208 P. A. PETERSON

viruses have been analysed and their relation to induced mutants considered
(Jackson et al. 1983 ; Wienand, Peterson & Saedler, 1983).

After these reports (Sprague & McKinney, 1966, 1971), two different laboratories
examined the AR phenomena. Samson, Brakke & Compton (1979) confirmed the
deviation from the expected 3 : 1 ratio (dominant : recessive) among kernels on F2
ears of AR stocks. These authors suggested that these ratios could be accounted
for by the segregation of recessive alleles complementary for colour (i.e. 4aCc x aacc
or aaCc instead of 4aCC x aaCC whereby 4 and C are needed for colour). In further
support of this thesis, Brakke, Sampson & Compton (1981) and Nelson (1981)
identified the segregation of recessive alleles in AR-derived lines (c, r, Brakke
et al.; ¢, ¢2, Nelson), which would account for the general excess of recessive
phenotypes as a basis for the AR deviations.

If the AR phenomena can be accounted for by the segregation of epistatic loci,
a question arises as to the origin of these mutations that gave rise to recessive
alleles. From their initial report Sprague et al. (1963) recognized a number of
seedling and endosperm mutants newly arising in their lines derived from originally
infected plants.

A key feature of the BSMV-infected plants is the persistence of genome
disturbance among succeeding generations of healthy plants derived from originally
infected plants. This became evident with the origin, several generations after the
initial treatment, of unstable mutant alleles at the a locus (Friedemann & Peterson,
1982; Peterson & Friedemann, 1983; and the companion paper, Pereira and
Peterson).

In attempts to further examine the mutagenicity of the BSMV infection,
(Mottinger 19824, b), Mottinger et al. (1984b) induced mutants in the Adh and Sk
loci. In subsequent analysis of an Adhl derived mutant, an insert was found and
identified as BSI. This element has been described by Johns et al. and Freeling
(Freeling, 1984; Johns, Mottinger & Freeling, 1985) as having a 304 bp direct
repeat and occurs as a low copy number transposon. There are only 1-5 copies of
BS1 sequences in maize and teosinte. Much of the interior portion is variable
according to restriction site analysis, but one segment of this interior of BSI is
conserved.

Further support for this present genome disturbing feature of AR stocks has been
obtained by the isolation and molecular characterization of seven shrunken and
one bronze mutant (Mottinger ef al. 1984a). A number of the mutants, in addition
to expressing marked stunting and decreased vigor, exhibit reversions and altered
intermediate phenotypes.

In the BSMV-induced sk mutant, sh 5686, with a 3-6 kb insertion (Mottinger
et al. 1984 a), the ends are also complicated instead of simply having the tradition-
ally found simple inverted repeats (Dellaporta, personal communication). But, like
the other molecularly analysed insertion-host junction sequences, a 10 bp dupli-
cation is found at the termini of the element, though only once in the wild type.

The purpose of this paper is to present some ideas on the sequence of events that
help explain the BSMV induction of unstable mutants, at least for those at the
a locus. Support and elaboration of these concepts is given in the following paper
(Pereira & Peterson, 1985).
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2. RESULTS
(it) Sprague’s original crosses

The basic pattern in the Sprague-McKinney crossing program in the course of
their virus treatments was the cross of the multiple recessive stock (al su pr wx)
as a female by the virus treated male that was a multiply marked dominant stock
(A1 Su Pr Wx) (Cross 1). (4-a, presence or absence of aleurone anthocyanin colour;
Su-su, starchy or sugary seeds; Pr-pr, purple or red aleurone colour; Wx-wz, starch
staining blue or red with iodine) (Sprague & McKinney, 1966). The derivatives of
these parents originally used by Sprague and McKinney and their genotypes are
described in Tables 1 and 2.

a su pr wxr x A Su Pr Wz.

1 (Cross 1)

The only colour allele that was recessive in this cross was the a allele. In subsequent
progenies from these crosses other colour controlling alleles including ¢I and c2
(Nelson, 1981) and ¢ and » (Samson et al. 1979; Brakke et al. 1981) were uncovered.
In both investigations, it was proposed that the segregation of alleles at a second
locus in addition to the a locus (from the original cross) could explain the excess
of colourless kernels coming from crosses in Aberrant Ratio (AR) lines (to be
further considered).

In other progenies, unstable al alleles were isolated. These were three cases that
appeared independently and proved to be a-ruqalleles responsive to the transposable
element, Ugq (i.e. that have a receptor element at the a locus that is responsive to
the action of Uq) (Friedemann & Peterson, 1982; Pereira & Peterson, 1984).

These mutant alleles only appeared in derivative progenies after several
generations of crossing (Fig. 1). It was therefore significant to determine the Ug
content of the several lines and derivatives in these crosses.

(ii) Distribution of Uq
(@) The original parents

The presence of Ug among the original parents (Cross 1) was tested by crossing
these parental lines to a tester for Ug, the a-rug line. The cross (Cross 1) of the
male parent used by Sprague and McKinney as a multiply marked male
(A, Su, Pr, Wz) by the a-rug line yielded coloured progeny verifying the 4/4
content of the male parent. Five F1 progenies of this cross were again crossed by
the a-rug line, and these yielded coloured and colourless progenies (Table 2, 1982,
3601). The colourless segregants were without spots. This result verifies that Ug
was not present among this limited sample of the ‘male’ line.

In four crosses of the multiply marked ‘female’ parent, (a su pr y wx) by the a-rug
line, all the progenies included kernels with spots (Table 2, 1982, 3602). The
appearance of nearly 100 %, spotted kernels among these progenies would support
the contention that Ug was present in these lines at least in the homozygous
condition, or that there were many copies of Uq. The presence of Uqg in each of
the plants used also supports the pervasiveness of Ug in this line.
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In the c2 derived lines. The ¢2 mutant identified by Nelson (1981) among
Sprague’s ‘AR’ lines was tested for the presence of Ug. In the cross of Nelson’s
¢2 progeny (Table, 1, Nelson 23265-1) by the a-rug line (Table 1, 1980 g 486 x 489),
all the progeny were full-coloured, verifying the 4/ A content of the Nelson c2 line.
In crosses of these 2 F1’s x a-ruq (Table 3, 1981 4905, 4906), each of the progenies
of this backeross included spotted kernels. This indicates that Ug was present in
the homozygous condition (or there are many copies) in the c2 lines identified by
Nelson (Table 3). Further, the pattern phenotype of this spotting was a ‘flow’ type
(Peterson, 1966).

Table 3. Test for the presence of Uq in designated lines from successive progenies
of Sprague’s original cross of aa A2A2 CC RR su su wx wx x AA A2A2 CC RR
Su Su Wx Wx

{(See Fig. 1 for the pedigree history of this cross: Nelson €202 44 Ug-flow/Ug-
Slow x C2C2 a-rug/a-ruq (80g 486 x 489) - Coloured 814905. 814904 is a-rug/a-ruq.)

4905
1981 Spotst Phenotype Genotype
4905-1/4904 + flow Aa
4905-2 /4904 + flow Aa
4905-3/4904 + flow Aa
4905-4 /4904 + flow da
4905-5/4904 + flow Aa
4905-6/4904 + flow Aa
4905-7 /4904 + flow Aa
4905-8/4904 + flow Ada
Total 8/8 — 8/8
4906-2/4904 + flow Aa
4906-4/4904 + flow Aa
4906-5/4904 + flow Aa
4906-6/4904 + flow Aa
4906-7 /4904 + flow Aa
4906-8/4904 + flow Aa
4906-21/4904 + flow Aa
Total 7/1 — 7/17
t +, spots.

In the c lines (Brakke). In similar crosses of Brakke’s lines by a-rug that were
also progenies out of Sprague’s ‘AR’ lines (Table 4, 4907), Uq was found in three
of the six progenies (Table 4). In these lines, Ug was present in the heterozygous
condition because only half of the progenies in this limited sample showed the
presence of Ug. The Ug gave a ‘flow’ pattern similar to, but not as striking as,
that in the ¢2 derived lines. In all tests for Ug, a common a-ruq line was used, and
thus, any differences in patterns are assignable to Ug. The other tested plant from
the Brakke lines lacked Ug (Table 4, 4908).

(b) The c2 allele, a test of its response to Uq

Because the three tested a-unstable mutants (there were others) that originated
in these AR lines were responsive to Ugq, crosses were made of this c2 allele (Table
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Table 4. Tests for the presence of Uq in Abnormal Ratio lines

(Brakke (80g 487, Table 1) CI C1 R- x a-rug/a-ruq—> Coloured, round 81 4807, 4808 x
a-ruq/a-rugq (4904).)
1981 Spots

4907-3t x 4904 -
-4 x 4904 —
571 +slight flow
-6 x 4904 +slight flow
-7 %X 4904 -
-9 x 4904 +slight flow
4908-1-1Q -
-2/4904
3Q _
4A® -
5® _
6® -
—, No spots.
+, ® indicates selfing.

Table 5. Test of the response of mutant alleles originating in BSMV infected
plants or their progeny to Uq

(The cross: C2/c2 A/axa sh2/a sh2 Uq Ug—Coloured kernels 1981 4903. 1755 is

a-ruq/a-ruq.)
Segregationt
Presence of spots*
4 Round
Cross x a-rug Shrunken:
1981 Selfs { Coloured Colourless colourless
4903-1®1 0 . 110 38 48
-2/1755 ) +flow ) . .
-2/on 1755 . + flow
-3® 0 .
-3t® 0 .
-4/1755 . +flow . . .
5@ 0 . 209 51 76
-5t® 0 . 125 45 48

* + indicates the presence of spots.
T These 9:3 :4 ratios are consistent with a tested A Sh/a sh C2/c2 genotype.
1 ® indicates selfing.

3, 814905) with Ug-containing lines to test the responsiveness of c2. (At the time
the crosses were initiated, it was not known that a Ug-flow was present in these
lines as determined by the test of ¢2 x a-rug). Nevertheless, F2 progenies were
obtained and none showed ¢2 instability (Table 5, selfs). To verify that Ug was
present in these F1 plants, two of the F1 sibs were crossed with the Uq tester (a-ruq),
and spots were present on the kernels in each instance, verifying the presence of
Uq (Table 5, crosses with 1755). The segregation ratios of the selfs verify the
segregation of both the ¢2 and a (linked to the closely associated sh2) alleles in a
9:3 :4 ratio (Table 5).
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(¢) Allelism between Uq-flow and Uq-st

There is a distinct and readily distinguishable phenotypic pattern elicited by the
two Ug alleles, Ug-flow originating from the c¢2 lines (Table 1, 81 4905, 4906 and
Tables 3 and 4) and Ug-st (Friedemann & Peterson, 1982). In crosses of the Ug
heterozygotes Ug-c2/Uqg-st onto an a-rug (Cross 2),

a-rug Al Sh2 Uq-c2
a-ruq (no Ug) al sh2 Ug-st

(Cross 2)

the resulting progeny illustrate a close linkage of the two Ug’s. The expectations
of the alternative of the independence of the two Ug’s are not compatible with these
results (Table 6). More correctly, the cross should be written as in Cross 3.

a-rug Al Sh2 Ug-c2+
a-ruq (no Ug) x al Sh2 + Ug-st’

(Cross 3)

Table 6. Relation of Ug-flow (¢2 source) to Uq-st (a-ruq source): Linkage of
Ug-c2 and Uq-st
The cross: Coloured [C2c2 Alal]

al sh2 Ug-st

; Va2 X 542 Ugot

Y7 « Goloured ASh Ug-c2

a-ruq I a sh Ug-st

Spotted Flow +

Flow (General +crown) crown-general  cl. T Recomb
Exp. if indep. 22 20 1 4 47 1069%
12 12 12 12 — —

cl, colourless, no spots.

3. DISCUSSION

The induction of virus infection (BSMV, WSMYV or Johnson Grass MV) in plants
to induce mutation such as initiated by Sprague et al. (1963) is effective in the
induction of a number of events, including mutations, the ‘AR’ phenomena
(Sprague and McKinney, 1966, 1971), chromosome breakage (Sprague et al. 1963;
Mottinger et al. 1984 a), and transposon movement (Friedemann & Peterson, 1982;
Delaporta et al. 1984, personal communication; Johns et al. 1985).

The ‘AR’ phenomena (‘Aberrant Ratio’) that describes aberrant segregation
patterns in conventional backcrosses (Sprague & McKinney, 1966, 1971) has been
demonstrated by two independent investigators to be due to the presence of
recessive mutations (likely induced by the virus treatment). These mutants are
epistatic to the colour alleles used in the backcrosses utilized by Sprague &
McKinney (1966, 1971) and thus lead to a deviation from the expected Mendelian
segregation (Nelson, 1981 ; Brakke ef al. 1981). These investigators identified these
loci that had mutated (cI, ¢2 and 7). It is obvious that these mutants are recently
induced because the original parents in the cross (Cross 1) did not harbour these
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alleles since a direct cause and effect with the virus treatment is not possible. The
presence of these loci in homozygous or heterozygous condition would distort the
expected ratios based on a single locus such as Aa X aa.

The induction of one Adhk-1 mutant by pollen from infected plants with BSMV
has uncovered a mutant with an insert identified as BS-1 (Johns et al. 1985). This
insert occurs in low copy number (1-5) in most lines of maize and its relatives and
is not homologous or related to several transposons that moved into the shrunken
gene in lines that were made unstable by BSMV infection. Johns et al. (1985)
suggested that BSMV infection mobilizes unrelated transposons as a response to
environmental stress.

The mobilization of transposons and mutation induction continues in progenies
of originally infected plants that themselves do not show infection. These progenies
include ‘AR’ lines. With the use of ‘AR’ lines, Mottinger isolated seven shrunken
mutations from these lines (Mottinger ef al. 1984a) and a number of these behaved
as unstable alleles. One of these, sh-55686 (Tz-86) has been characterized by
Dellaporta et al. (1984). Like other transposons in maize, the (Tz-86) insert in the
sh gene has caused a 10 bp duplication as a direct repeat at the termini of the
element.

Among these same ‘AR’ progenies, there appeared unstable a alleles. These have
been identified as a-rug alleles that are responsive to Uq elements (Friedemann &
Peterson, 1982; Peterson & Friedemann, 1983; Pereira & Peterson, 1985). What
isevident in the examination of Fig. 1 is that these three unstable a alleles appeared
several generations after the initial infection among plants not showing virus
infection. The mobilization of transposons continued for several generations after
the initial infection as is evident with these mutants and with the s mutants from
the ‘AR’ lines (Mottinger ef al. 1984 a).

Further support for the general mobilization of elements that continues even
in the absence of virus-infected plants comes from the analysis of the two parents
used in the initial cross by Sprague et al. (1963). The original cross (Cross 1) for
the alleles in question could more correctly be written as (Cross 4).

a’ a® x AA (infected plant). (Cross 4)

According to the tests with the Ug tester (a-rugq), the original cross was as is shown
in Cross 5.

a®a® Ug Ugx A A (no Ug) infected plant. (Cross 5)

Because the a-rug alleles that appeared several generations later must have
originated from the A alleles of the infected plants (the a® allele of the kernels parent
is a null, nonresponsive a allele), the induction of the a-rug was caused by events
initiated in the original infected plant (Cross 1, male parent) but not consummated
until several generations later by the mobilization of the Uq elements present in
the uninfected female parent (Cross 1, female parent).

With this general revelation of parent content with respect to the various alleles
in question, the sequence of events in the origin of the unstable alleles may be
considered. The general scenario of Receptor—-Regulatory element relationship is
illustrated by two cases of Transposon Systems interaction (Ac Ds, Federoff,
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Wessler & Shure, 1983; En (Spm), Schwarz-Sommer et al. 1984 ; Pereira et al. 1985).
This two-system interaction is explained by the insertion of a defective Regulatory
element that is homologous to the active Regulatory element in sequence
arrangement of its inverted repeat structure. Because of this, it follows that the
initial mobilization promoted by the virus infection affected the transposition of
the Uq elements present in the F1 of the cross (Cross 1) and in subsequent progenies
of plants. At some point, a defective Ugq was inserted into the A4 locus and
subsequently behaved as an unstable allele only in the presence of Ug. In this way
a transposable element system was established of a receptor allele (a-ruq) responsive
to the Regulatory element, Ug. It is curious that of the four rug-receptive alleles,
all are receptive types and are not autonomously acting (Friedemann & Peterson,
1982; Oberthur & Peterson, 1984; and Pereira & Peterson, 1985). This is unlike
the En element that gives rise to autonomously acting elements at loci where it
inserts (Peterson, 1961, 1963, 1976, 1978, 1981).

There is at least one other alternative to the origin of the a-ruq alleles. Possibly,
the active Uq mobilized defective Uq’s that became inserted as defective receptor
elements.

The events initiated by the virus infection continue to induce new events
(transposon movement) even in the absence of infected plants. As noted by
Rhoades (1943) in describing the effect of the Iojap gene in the origin of
cytoplasmic mutants, the transposing events, like a Frankenstein monster, are no
longer under the control of its maker.
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