periods of increased Melosira abundance
suggest periods of relatively low lake
level and increased duration and effect of
spring circulation and summer turbu-
lence in Elk Lake.

The general climatic model that has
been developed for the midwestern Unit-
ed States, largely from studies of past
vegetation, is one of gradual increases in
warmth and dryness. from about 8500
years ago to maximums about 7000 years
ago, and then gradual decreases to more
or less present conditions about 4000
years ago (/). In contrast, Bryson et al.
(10) argued that Holocene climate was
punctuated by rapid transitions between
numerous dry and moist periods, each
lasting hundreds of years.

The data from the Elk Lake core indi-
cate that between about 8500 and 4000
years ago, climate drier than today’s did
indeed result in expansion of prairie con-
ditions (for example, increase in grasses
and sagebrush in the drainage basin,
decrease in decomposition of soil materi-
als, and increase in turbidity and salinity
of the lake). During the drier climate of
the prairie period, Elk Lake may have
resembled the shallow, eutrophic, prair-
ie lakes that exist today south and west
of Elk Lake in Minnesota and the Dako-
tas.

Several sediment components show
the long-term shift to prairie conditions,
but they also show that the prairie period
was punctuated with shorter-term cyclic
variations in climatic conditions, with
abrupt transitions. These shorter-term
cyclic variations are best seen in those
variables that monitor changes in the
drainage basin, such as sodium (Fig. 4),
and in those variables that monitor short-
term changes in the lake, such as dolo-
mite and Melosira. There is evidence,
therefore, for both the gradual climate
changes of Wright (/) and the shorter-
term, abrupt climate changes of Bryson
et al. (10).

The response of paleoclimatic indica-
tors to the beginning and end of the
prairie period are not synchronous with-
in the Elk Lake core. Artemisia percent-
ages increase as early as 8800 years ago,
preceding the influx of clastic material
(measured by varve thickness and per-
centage of sodium) by at least several
hundred years. Similarly, the decline in
Artemisia began about 4500 yeers ago,
although the influx of clastic material,
and thus higher rates of erosion, persist-
ed until 3800 years ago. This nonsyn-
chroneity may be explained by different
tesponses of the components described

here to environmental conditions on dif- -

ferent spatial scales. Changes in weath-
ering, erosion, lake chemistry, and dia-
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tom composition are responsive to
changes in conditions in the drainage
basin or in the lake. On the other hand,
pollen data from a lake the size of Elk
Lake probably reflect changes in vege-
tation over a much larger area (/1).
Therefore, whereas Artemisia percent-
ages provide a record of regional expan-
sion and contraction of prairie in north-
western Minnesota, other components
record the development of open vegeta-
tion, unstable slopes, and lower lake
levels.
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A trans-Acting Product Needed for P Factor

Transposition in Drosophila

Abstract. A transposable genetic element of the P family in Drosophila melanogas-
ter was found to be unstable in the presence of other P elements but stable in their
absence. A sensitive assay for P transpositional activity is provided by the sn” allele,
a defective P insert in the singed bristle locus which becomes hypermutable only in
the presence of complete elements. This measure of activity was highly correlated
with a type of female sterility normally associated with P activity. There was no
cross-reactivity with transposase.from .another hybrid dysgenesis-causing element

(the I factor).

A distinguishing feature of transpos-
able genetic elements of the P family in
Drosophila melanogaster is their ability
to enter a state of high transpositional
activity. This behavior is triggered by a
cellular condition known as the M cyto-
type and is responsible for the hybrid
dysgenesis syndrome of germ line abnor-
malities as described previously (/).
O’Hare and Rubin (5) describe two class-
es of P elements: (i) the complete ele-
ments, which are 2.9 kilobases (kb) with
short inverted terminal repeats, and (ii)
defective elements, which have delétions
of various lengths internal to the repeats.

This report concerns a genetic assay
for P transpositional activity which has
provided evidence that complete P ele-
ments produce a trans-acting product
(transposase) needed for transposition
whereas defective elements transpose
only when this product is provided for
them. This method has already beén
used to detect and characterize trans-
posase-producing P factors (6, 7) that
were introduced into embryos by micro-

injection. [The terms ‘‘P factor’’ and “‘P
element”’ are used synonymously in this
report (8).]

A P element insertion mutation at the
X-linked singed bristle locus was recov-
ered in the progeny of a hybrid dysgenic
male (9). It occurred on an X chromo-
some that was originally derived from

. the strain m, but had acquired a complex

chromosomal rearrangement (/0). This
chromosome also had many other P ele-
ments in addition to those at or near the
singed bristle locus. In the M cytotype,
sn” mutates at high frequencies to s»°, a
more extreme singed phenotype, and to
sn™, a state nearly equivalent to wild
type (11). The two alternative mutational
events correspond to the excision of one
or the other of two contiguous defective
P elements inserted in reverse orienta-
tion into the singed gene (12). When the
original sn*-containing chromosome was
crossed into the M cytotype, the muta-
tion rate of sn* was sufficiently great (20
to 60 percent for sn® and sn* combined)
that it could be used to detect the M
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cytotype in individual flies. In the P
cytotype (the alternative state, where P
elements are relatively quiescent) sn®
was nearly stable (13).

The first indication of a transposase
occurred when the s»% mutation was
separated from other P elements in the
genome. This was done by a four-genera-
tion crossing procedure in which the
autosomes were replaced by chromo-
somes derived from an M strain (a strain
free of P factors and having the M cyto-
type) and the X chromosomal regions
flanking the singed gene were replaced
by meiotic recombination with a multiply
marked M-strain X chromosome. The
latter step required a double recombina-
tion event to separate sn* from the com-
plex rearrangement that surrounded it
10).

The resulting strain, designated
sn¥(M), had the M cytotype, as was
expected after removing all autosomal
and most X-linked P elements (13, 14),
but the hypermutability normally expect-
ed of sn™ in the M cytotype had van-
ished. Neither sn® nor sn* appeared
among 5829 sn% progeny from 118 inde-
pendent crosses. This was surprising
since the original sn” chromosome
would have produced 1000 to 3000 muta-
tions in this many tests.

One possible explanation was that sn™
hypermutability required the presence of
other P elements. This hypothesis was
tested by crossing sn¥(M) females to
males whose autosomes were heterozy-
gous for marked M chromosomes and P
chromosomes derived from the 1, strain.
The presence or absence of sn” hyper-
mutability in the germlines of the result-
ing four phenotypic classes of sons indi-
cated the effect of each of the m, major
autosomes. The results (Fig. 1) showed
that either of the major autosomes of 1
restored sn" to its hypermutable condi-
tion, and sn% was nearly stable in those
sons that did not receive major 1, auto-
somes. The small fourth chromosome
was not monitored in this experiment
and might be the explanation for the
single sn°® mutation in Fig. 1d. Similar
results (not shown) were obtained with
sn¥(M)/m, recombinant X chromo-
somes, indicating that parts of the m, X
chromosome have the same effect on sn%
as the autosomes. Finally, these experi-
ments were repeated but with a different
and unrelated P strain known as 8.31.15.
The results were fully equivalent to
those in Fig. 1 except that chromosome 3
was slightly more effective in activating
sn” than chromosome 2, whereas the
reverse was true for m,. The two strains
probably differ in their genomic distribu-
tions of P factors. Therefore, sn* hyper-
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mutability requires a trans-acting prod-
uct (transposase) that can only be pro-
vided by factors on P-containing chro-
mosomes, presumably the complete P
factors themselves. Furthermore, the P
insertion at sn* must be a nonautono-
mous element. defective for production
of this transposase.

This interpretation has been confirmed
by experiments in which complete P
factor DNA was seen to activate sn“
hypermutability after being injected into
sn¥(M) embryos and integrated into the
genome (6). The transposase gene need-
ed to activate sn™ hypermutability has
been further characterized by directed
mutagenesis experiments (7). At least
four sites spanning the length of the
complete P element were shown to. be
essential. A second gene, a putative re-
pressor, whose action is counter to that
of the transposase can be postulated
from the existence of the P cytotype (14)
where transpositional activity is appar-
ently repressed, but the repressor gene
has not yet been identified.

The requirement of the P transposase
for sn* hypermutability is distinct from
the requirement for the M cytotype. This
difference was demonstrated by crossing
males from the sn™(M) stock to females
from a compound-X stock with the P
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Fig. 1. The ability of the two major autosomes
of 1, to cause sn*™ hypermutability. Females
from the m, strain were mated to bw;st males
to yield nondysgenic F, males. The recessive
eye color mutants, bw (brown) and st (scarlet)
(23), were markers for the second and third
chromosomes, respectively. These F; males
were crossed to sn¥(M); bw; st females to
produce dysgenic F, males in each of four
eye-color classes depending on which pater-
nal chromosomes were received. Hypermuta-
bility of sn*™ was measured for each male by
crossing to compound-X females and scoring
the male progeny. Each block represents the
total sn% mutation rate (sn® and sn* com-
bined) of a single male with the indicated
chromosomes. (a) Chromosomes 2 and 3 of
53 (b) chromosome 2 only; (¢) chromosome 3
only; (d) neither m, chromosome.

cytotype (15). The resulting sons were
genetically identical to the hypermutable
males tested in Fig. 1a, but they had the
P cytotype (I3, 14). These males pro-
duced no sn® or sn™ progeny among 902
examined from ten replicate crosses.
Thus, neither the presence of P factors
nor the M cytotype is sufficient by itself
for sn* hypermutability. Both are neces-
sary.

A series of experiments involving only
M strains was designed to determine
whether hypermutability could be re-
stored to sn*(M) in the absence of P
factors. For each experiment, I will indi-
cate the size of the experiment and the
results in the shorthand form (m/n; k)
where m is the number of mutations
(combining sn® and sn*), n is the total
number of progeny in which such muta-
tional events could have been observed,
and k is the number of sn" flies that were
individually testcrossed to obtain the to-
tal of n progeny. Thus, each experiment
involved k independent trials. For com-
parison, the results in Fig. 1, a to d,
could be summarized by (271/994; 20),
(178/1005; 30), (272/889; 30) and (1/1000;
20), respectively. :

The effects of sex and parental deriva-
tion of sn¥(M) were jointly assessed by
counting progeny from s»n% matroclinous
females (0/1659; 20), patroclinous fe-
males (0/1315; 20), matroclinous males
(0/1239; 14), and patroclinous males (0/
1239; 19). These negative results indicate
that restoration of hypermutability is not
related to sex-or parental derivation.

Some studies (/6) have demonstrated
that the meiotic mutant mei4l, acts to
enhance at least some dysgenic traits in
the M cytotype. However, placing a
meidl allele onto the sn“(M) chromo-
some did not cause hypermutability in
the absence of P factors (0/362; 5).

Certain M strains, referred to as pseu-
do-M strains (/7), carry a large number
of transposable elements that have se-
quence homology to P elements, but
possess the M cytotype. To determine ,
whether these elements can produce the
P transposase, males from a pseudo-M
strain were crossed to homozygous
sn¥(M) females, and the resulting sons
were testcrossed to measure the stability
of sn%¥. The results (0/229; 15) suggest
that these elements produce no P trans-
posase.

There is a parallel system of hybrid
dysgenesis in D. melanogaster known as
the I-R system (2, 18) in which putative
transposable elements, I factors, become
transpositionally active in certain classes
of hybrid females. In this system,
sn¥(M) is an I strain. Female progeny
from both reciprocal crosses between
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sn%¥(M) and the R strain segg, were tested
for sn” hypermutability and also for the
kind of sterility that is diagnostic of I-R
dysgenesis. The sterility tests confirmed
that I-R dysgenesis occurred in the se/
sn" females (404/608 = 66.4 percent em-
bryo lethality) and not in the reciprocal
sn¥/se females (19/320 = 4.9 percent
embryo lethality). However, neither
group displayed sn™ hypermutability: (0/
580; 15) and (0/445; 10) respectively.
Thus, there is no evidence that the s P
element can cross-react with a transpos-
ase produced by I factors.

Considerable quantitative variability is
known to exist among P strains in their
potential to cause gonadal dysgenic (GD)
sterility, one of the traits associated with
hybrid dysgenesis and characterized by
agametic morphology. Strains like r;
cause nearly 100 percent GD sterility
under appropriate conditions, while Q
strains (/9) cause no detectable GD ste-
rility, but do have the P cytotype. Most P
strains lie somewhere along the continu-
um between these two extremes. Since
all these strains have the P cytotype, this
variability might be explained by differ-
ences in the transposase function of the
P elements rather than the repressor. To
test this hypothesis, a set of 12 P strains
representing the entire range of GD ste-
rility potential was selected and tested
for both the ability to activate sn™(M)
hypermutability and the potential to
cause GD sterility. In each case, only
autosomes and Y chromosomes of the P
strains were tested. The results (Fig. 2)
indicate a very close correlation between
the transposase function as measured by
sn”¥(M) activation, and the potential for
GD sterility. One strain in Fig. 2 (desig-
nated 78.74) was clearly an outlier and is
under further investigation. A reason-
able interpretation of this experiment is
that GD sterility and sn% hypermutabili-
ty are both caused by the P transposase,
and that P strains vary widely in the
amount or kind of transposase they pro-
duce.

For each of the 12 strains in this ex-
periment, in situ hybridization was used
to estimate the number of autosomal P
elements (20). The values obtained were
highly variable among different strains
(ranging from 7 to 38). However, there
was no statistically significant correla-
tion between the number of autosomal P
elements, which include both complete
and defective elements, and the frequen-
cy of GD sterility (Kendall’s 1 = —0.23,
P =0.15 or the mutability of sn%
(r = —0,06, P = 0.39). This contrasts
with the high correlation (r = 0.779,
P = 0.00023) between GD sterility and
sn” mutability. We infer that the vari-
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ability in transposase function comes
from intrinsic differences among P ele-
ments (complete versus defective, for
example) or from differences in their
chromosomal positions.

The reason for a link between trans-
posase and GD sterility is not clear, but
one possibility is that a high frequency of
dominant cell-lethal mutations, perhaps
caused by chromosome breakage, oc-
curs in the germ cells when transposase
is present. The germline would be elimi-
nated early in development, and GD
sterility could result. However, as ar-
gued elsewhere (3, 21), the sterility fre-
quencies and temperature sensitivity
curves for GD sterility differ quantita-
tively from expectations under this hy-
pothesis. Therefore, it seems likely that
a more specific temperature-dependent
interaction between transposase and the
presumptive germ cells leads to failure of
gonadal development.

In conclusion, transpositionally auton-
omous and nonautonomous P elements
both exist and can be distinguished using
the sn% assay procedure. The P family of
elements is thus analogous to Ac and Ds
controlling element systems in maize and
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Fig. 2. The correlation between GD sterility
and sn% hypermutability. Males from each of
12 P strains were crossed to sn™(M) females to
obtain sons whose sn* mutability was deter-
mined as in previous experiments (see legend
to Fig. 1.). An average of 598 sons of sn"
males were scored per strain. The same males
were also mated to compound-X M strain
females to yield daughters to be tested for GD
sterility (21). Approximately 138 such F, fe-
males were tested per strain. A compound-X
M strain was used in these crosses to keep the
paternal genome of the dysgenic females iden-
tical to that of the males being tested for sn"
mutability. The P and Q strains used were
from a set of inbred wild-derived stocks (24).
The names of the stocks used are (from left to
right in the figure): 78.38, v, 8.30.25, 7.29.11,
78.74, 7.29.26, 78.55, 8.31.12, 78.61, 8.31.15,
m,, and 78.100. The number of autosomal P
elements could not be determined precisely
by in situ hybridization because of variability
between slides. However, our estimates are:
38, 10, 24, 13, 16, 34, 14, 27,7, 20, 22, and 11,
respectively.

combinations of elements in prokaryotes
(22). The P transposase is probably re-
sponsible for GD sterility in the hybrid
dysgenesis syndrome. The hypermuta-
bility of sn" is specific to the P transpos-
ase, and is not affected by activity in the
I-R dysgenesis system.
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