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Naturally Occurring Variation in Bristle Number
and DNA Polymorphisms at the scabrous
Locus of Drosophila melanogaster

Chaogiang Lai,* Richard F. Lyman, Anthony D. Long,
Charles H. Langley, Trudy F. C. Mackay

The association between quantitative genetic variation in bristle number and molecular
variation at a candidate neurogenic locus, scabrous, was examined in Drosophila mela-
nogaster. Approximately 32 percent of the genetic variation in abdominal bristle number
(21 percent for sternopleural bristle number) among 47 second chromosomes from a
natural population was correlated with DNA sequence polymorphisms at this locus.
Several polymorphic sites associated with large phenotypic effects occurred at interme-
diate frequency. Quantitative genetic variation in natural populations caused by alleles
that have large effects at a few loci and that segregate at intermediate -frequencies
conflicts with the classical infinitesimal model of the genetic basis of quantitative variation.

Knowledge of the genetic basis of quanti-
tative characters is important with regard to
medicine, the improvement of domestic
species, and our understanding of evolution,
yet little is known about the particular
Mendelian variants that give rise to the
heritable component of these traits. One
hypothesis is that allelic variation at loci
important in the development of a particu-
lar trait is a major source of quantitative
differences in that trait (1). The numbers of
abdominal and sternopleural bristles of Dro-
sophila melanogaster are typical quantitative
characters (2). Because Drosophila bristles
are sensilla (sensory organs) of the periph-
eral nervous system, candidate genes for
bristle number traits are the 10 to 20 pro-
neural and neurogenic loci that determine
the presence or absence of sensory hairs (3).
Alleles of large effect at some of these loci
may contribute to the response to artificial
selection for high and low bristle numbers
(4), and insertional polymorphisms in the
proneural achaete-scute complex (ASC) are
associated with naturally occurring genetic
variation in bristle number (1). The sca-
brous (sca) locus encodes a signal protein
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important in lateral inhibition of the devel-
oping nervous system, and mutant sca al-
leles have large effects on bristle number
and eye morphology (5). We have now
tested the hypothesis that allelic variation
at sca contributes to quantitative genetic
variation in natural populations of D. mela-
nogaster by associating molecular polymor-
phisms at this locus with genetic variation
in bristle number.

We determined the mean abdominal
and sternopleural bristle numbers for each
sex from 47 independent second chromo-
some lines extracted from a natural popula-
tion and placed in an isogenic genetic back-
ground (6) (Table 1). The overall means
(£SE) were 16.30 = 0.42 abdominal bris-
tles and 16.15 * 0.22 sternopleural bristles.
Assuming additivity, the total additive ge-
netic variance (0% ) of the second chromo-
some was estimated as 1:23 for abdominal
bristle number and 0.64 for sternopleural
bristle number (7). The additive genetic
covariance between both characters was
0.39, with a genetic correlation coefficient
of 0.43 (7). These estimates are consistent
with previous observations (8).

Restriction map variation of a 45-kb
region including the sca locus was quanti-
fied among the 47 chromosomes (Fig. 1
and Table 1). There were 18 restriction
site polymorphisms and 25 length poly-
morphisms (insertions and deletions). Sin-
gle-stranded conformation polymorphism
(SSCP) was determined (9) for three frag-
ments that encompass the last intron and
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parts of the third and fourth exons (Fig.
1); 31 classes of SSCP were observed. The
estimated nucleotide diversity (w) for
the entire 45-kb region was 0.010 (10).
Some small insertions and deletions (<0.5
kb) were present at intermediate frequen-
cies, whereas large insertions (>0.5 kb)
were rare, which is consistent with previ-
ous surveys (11). Levels of pairwise link-
age disequilibria among the 27 polymor-
phic sites with frequencies between 3/47
and 44/47 were analyzed (Fig. 1). This
amount and pattern of molecular variation
are typical for D. melanogaster loci (11).
We tested whether the 27 polymorphic
sites with frequencies between 3/47 and
44/47 (12) and the presence or absence of
large insertions (>0.5 kb) (Table 1) were
associated with bristle number variation us-

ing a linear model (13). Eleven sites showed
a significant (P < 0.05) or a highly signif-
icant (P < 0.01) association with variation
in one of the two bristle traits for their
average effect (the main effect) or sex di-
morphic effect (the sex*site interaction)
(Table 2). The probability of observing 11
significant sites out of 112 tests was assessed
by random permutation of the molecular
haplotypes among phenotypes. In 1000
such permutations, 957 had ten or fewer
significant associations of polymorphic sites
with bristle number for either the main
effect or the sex*site interaction, which
indicates that some molecular polymor-
phisms in the sca region are significantly
associated with variation in abdominal or
sternopleural bristle number (or both) (14).
The main effects of polymorphic sites

DelE(—2.6), Eco RI(6.5), Pst 1(26.6),
SSCP 1447, and SSCP 1683, as well as the
sex*site interactions of InF(—2.0), were sig-
nificantly (P < 0.05) correlated with vari-
ation in abdominal bristle number, whereas
the main effects of Pst 1(—12.0), Eco
RI(—1.5), and InL(5.3), and the sex*site
interactions of Eco RI(12.0)—1.8 and Eco
RI(14.5), showed significant associations
with variation in sternopleural bristle num-
ber. The mean bristle number of the lines
with large insertions (>0.5 kb) in the sca
region was not significantly different from
that of the lines without large insertions (P
> 0.93 and P > 0.77 for sternopleural and
abdominal bristle numbers, respectively).
The sites associated with variation in ab-
dominal bristle number were different from
those associated with variation in sterno-

Table 1. Mean bristle numbers of the homozygous second chromosomes
lines and their molecular variation in the scabrous region. For diallelic poly-
morphic sites (restriction enzyme polymorphisms and deletions orinsertions):
+ present; — absent. Rare polymorphic sites listed in the fourth column from
the right are: 1, InA(—14.1); 6, Pst I(—5.2); 10, Pst I(—1.6); 12, InG(1.2); 13,
InH(1.5); 14, Inl(3.1); 16, InK(4.7); 17, Bam HI(4.7); 22, Eco RI(11.5)—1.3;
26, DelN(13.5); 27, InO(14.7); 30, InQ(20.0); 31, InR(21.2); 33, InT(20.2); 35,
InU(25.3); 36, InV(24.7); 39, Pst I(31.0); and 42, InX(30.6). The AB(1) haplotype
is the abdominal bristle number haplotype based on Eco RI(6.5), Pst 1(26.6),
and SSCP 1447; the AB(2) haplotype is the abdominal bristle number hap-

lotype based on Eco RI(6.5) and Pst 1(26.6) only; and the SB haplotype is the
sternopleural bristle number haplotype based on Pst [(—12.0), Eco RI(—1.5),
and InL(5.3). Unique haplotypes were pooled into one haplotype class. Dial-
lelic polymorphism frequencies are shown in the last row. The nine SSCP
1447 alleles were grouped into six classes: 1 (22), 2 (5), 3 (8), 4 (6), 8 (2), and
5 (4), where the number in parentheses is the number of chromosomes of
each allelic class and the last class listed is composed, of all-unique alleles.
Likewise, the eight SSCP 1683 alleles were grouped into six classes [1 (26), 2
6), 3(7), 4 (3), 6 (2), 5 (3)] and the 14 SSCP 1836 alleles into eight classes [0
(4), 1(23),3(3),4(2),5(3),6(3),10(2), and 2 (7).

Abdominal

Sternopleural
bristle i

bristle

Chromosome
line

Male Female Male Female
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Pst 1(5.8)
Pst 1(26.6)
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pleural bristle number, which suggests that
different molecular variants in the sca re-
gion contribute to quantitative genetic
variation in these two bristle traits.
Effects attributable to polymorphisms on
the bristle traits were estimated for the nine
diallelic polymorphic sites (Table 2); they
ranged from 0.98 to 2.35 bristles for the
main effect and from 0.39 to 1.06 bristles
for the sex*site interaction effect. In addi-
tive genetic (o, ) and phenotypic (o) stan-
dard deviation units (Table 2), the main

1.480 , and 0.5907p, and the main effect of
the three sites on sternopleural bristle num-
ber averaged 1.390, and 0.580p. The sex
dimorphic effect of InF(—2.0) on abdomi-
nal bristle number was 0.950, and 0.380%,
and that of Eco RI(12.0)—1.8 and Eco
RI(14.5) on sternopleural bristles averaged
0.540 4 and 0.220p. The polymorphic sites
associated with large phenotypic effects
were not rare but occurred at intermediate
frequencies. Although alleles with large ef-
fects were observed in some lines selected

for extreme bristle number (4), these data
are direct evidence that alleles with large

effect of the three diallelic polymorphic
sites on abdominal bristle number averaged

Fig. 1. (Upper) Restriction map variation in the scabrous locus region of D. melanogaster among 47
second chromosomes. DNA was isolated from adult flies from each homozygous chromosome line and
digested separately with three restriction enzymes (Pst |, Bam HI, and Eco RI). Southern (DNA) blot
hybridization was done with nine probes that completely covered the 45-kb region. The probes were
labeled with digoxigenin-dUTP (Boehringer Mannheim) (26). Polymorphic sites of the restriction enzymes
are shown below the map. Monomorphic sites of the restriction enzymes and insertion or deletion
polymorphisms are indicated above the map. Solid squares, Pst I; open squares, Bam HI; and open
circles, Eco RI. The'open portions of the map represent the sca coding regions, with the 5’ end to the left,
the 3’ end to the right, and the start of transcription at O (indicated by the arrow). The approximate sizes
(in kilobases) of insertions (In) and deletions (Del) are as follows: A, 0.2; B, 0.2; C, 0.1; D, 0.1; E, 0.1; F,
0.05; G, 2.0; H, 0.1; I, 2.3 with an Eco Rl site; J, 0.3; K, 1.3; L, 0.2; M, 0.2; N, 0.1; 0, 1.0; Q, >10; R, 0.6;
with an Eco Rl site; S, 0.4; T, 3.2; U, 1.9 with an Eco Rl site; V, 3.9 with an Eco Rl site; W, 0.2; X, 4.9 with
an Eco Rl site; and 'Y, 0.1. Single-stranded conformation polymorphism (SSCP) was investigated for three
DNA fragments (9): 1683 (186 nucleotides), 1447 (300 nucleotides), and 1836 (290 nucleotides), which
correspond to the region of the third intron and parts of the third and fourth exons. (Lower) Pairwise
linkage disequilibria among the 27 polymorphisms with frequencies between 3/47 and 44/47. The name
of each of these sites is listed diagonally and their corresponding map positions are indicated by the
dashed lines. Significance levels are depicted by shading: black, P < 0.001; dot shading, P < 0.01; light
shading, P < 0.05; and no shading, P > 0.05. Solid diamonds indicate the 11 polymorphic sites that
show significant association with variation in bristle number. Among them, DelE(—2.6) is in significant (P
< 0.05) linkage disequilibrium with Eco RI(12.0)—1.8 and Pst 1(26.6) and is almost in significant (Fisher’'s
exact test = 0.054) linkage disequilibrium with Eco RI(6.5); alleles at SSCP 1447 and SSCP 1683 are in
strong (P < 0.001) linkage disequilibrium with each other; Eco RI(12.0)—1.8 is in significant (P < 0.05)
linkage disequilibrium with Eco RI(14.5).
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effects on bristle number exist at interme-
diate frequencies in natural populations.

The amount of genetic variation in bris-
tle number of the natural population that is
attributable to the sca locus can be estimat-
ed assuming additivity of allelic effects. The
additive genetic variance (o4) attributable
to each significant polymorphism at sca is
0.5[1— 2(p?)] o? (15), where p, is the fre-
quency of the i class at a polymorphic site
and o? is the estimated variance component
due to the main effect or to .the site*sex
interaction of each polymorphism. The es-
timated genetic variance associated with
each of the 11 significant polymorphic sites
is shown in Table 2. The genetic variance
for the three polymorphic sites with sex-
specific effects was negligible. The esti-
mates of the genetic variance attributable
to all other polymorphic sites were large,
varying from 8 to 24% of the total second
chromosome genetic variance of abdominal
bristle number and from 7 to 11% of the
total second chromosome genetic variance
of sternopleural bristle number.

Because some of the polymorphic sites
significantly associated with bristle number
variation were in significant linkage dis-
equilibrium with each other (Fig. 1), the
overall genetic variance of both bristle
traits contributed by sca was not equal to
the sum of the estimated genetic variances
associated with individual sites. We esti-
mated the total genetic variance in bristle
number contributed by the sca locus using
only polymorphic sites associated with sig-
nificant variation in bristle number that
were not in linkage disequilibrium with
each other. Haplotypes for each trait were
constructed from these sites, and the genet-
ic variance was estimated on the basis of
these haplotypes. Taking into account the
linkage disequilibria among sites and ex-
cluding the three sites associated with only
sex-specific effects, three sites were used to
construct haplotypes associated with varia-
tion in abdominal [Eco RI(6.5), Pst 1(26.6),
and SSCP 1447] and sternopleural [Pst
1(—12.0), Eco RI(—1.5), and InL(5.3)].bris-
tle number (Table 1). The genetic variance
attributable to abdominal and sternopleural
bristle haplotypes was estimated as for indi-
vidual sites (15), pooling all unique haplo-
types into a single class (Table 2). The
overall genetic variance in abdominal and
sternopleural bristle number contributed by
the sca locus was 0.388 [AB(1) haplotype;
0.126 for the AB(2) haplotype, constructed
without SSCP 1447] and 0.132, respective-
ly, or 32% [AB(1) haplotype; 10% for
AB(2) haplotype without SSCP 1447] and
21%, respectively, of the second chromo-
some genetic variance of the two traits. The
second chromosome contains ~40% of the
D. melanogaster genome; thus, the estimated
contribution of the sca locus is 13 and 8% of
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The relation between the constructed
haplotypes and the genetic variance in bris-
tle number among the 47 chromosome lines

the total genetic variance for abdominal
bristle number and sternopleural bristle
number, respectively.

Table 2. Polymorphic sites significantly associated with bristle number variation and estimates of the
associated genetic variation in a natural population, assuming additivity of allelic effects. Asterisks
indicate a polymorphic site with a significant sex*site interaction effect but not a significant main effect.
The differences between the means of two classes of diallelic polymorphic sites were estimated as X, )
= X for main effects, where X ,, and X _, are the means of the chromosome lines in which the
polymorphism is present (+) or absent (—), respectively. The sex*site interaction effects were estimated
as (X, — Xy — (X g — X, where (X, — X_,,) is the difference in males and (X, — X_7) is the
difference in females. SE is the standard error of X, — X Sl Unit (op) is X,y — X_,| expressed as a
fraction of the phenotypic standard deviation (o). 'I!he adciitlve genetic variance (o ,2) of each site was
estimated with the formula derived in (75). Unique SSCP classes and haplotypes were pooled into one
class or one haplotype when estimating additive genetic variance (Table 1). The percentage of the total
genetic variance of the second chromosome explained by the estimated o2 is also shown. The additive
genetic (o,) and phenotypic (o) deviations are the square roots of the additive genetic and phenotypic
variance of bristle number for the second chromosome (7) and are respectively 1.11 and 2.77 for
abdominal bristles and 0.80 and 1.91 for sternopleural bristles.

is shown in Fig. 2. The mean bristle number
of each chromosome line was plotted
against its rank; the haplotype of each chro-
mosome based on Eco RI(6.5) and Pst
1(26.6) for abdominal bristle haplotype
(Fig. 2A) and on Pst I(—12.0), Eco
RI(—1.5), and InL(5.3) for sternopleural
bristle haplotype (Fig. 2B) is also indicated.
The most common haplotypes for each trait
were distributed to one side of the curve,
whereas the remaining haplotypes clustered
together at the other side.

These results have important implica-
tions with regard to the number of loci and
effects and frequencies of alleles causing
naturally occurring quantitative variation.
Quantitative genetic variation is generally
thought to be caused by many loci, alleles at
each of which have small effects on the

Polymorphic P value Effect [X,,, — X Add\l/t;\i;r?ggetlo traits (2, 16). We have now shown that
site of F test ~10% of the total genetic variation in ab-
Absolute SE Unit (o) o2 % dominal and sternopleural bristle number
can be attributed to variation at the sca
- Abdominal bristle number locus; previously, 5% of the genetic varia-
DelE(—2.6) 0.014 2.35 0.45 0.85 0.140 11 tion in these traits was associated with in-
InF(—2.0)* 0.043 1.06 0.46 0.38 0.006 0 sertional variation in ASC (I). Thus, the
Eco RI(6.5) 0.026 1.47 0.22 0.53 0.112 9 infinitesimal model (many loci, alleles at
Pst 1(26.6) 0.038 1.10 0.15 0.40 0.094 8 each of which have small effects on traits) is
gggE 1 ggg 88%' 8388 ?;’ not an accurate reflection of the genetic
basis -of quantitative variation in bristle
ﬁgg) Eap:otype 0.388 32 number. These results further support the
(2) haplotype ) 0126 10 hypothesis (1) that a strong correlation ex-
Stemopleural bristie number ists between loci identified as important
Ecs;tolfq_|(1—21.0%) 88:1)’2 ?g? 812 82; gggg 1? and specific in developmental genetic stud-
(.3 0:042 104 0.11 0.55 0.047 ies and those contributing most to the phe-
Eco RI(12.0)—1.8* 0.019 0.47 0.19 0.24 0.004 1 notypic variation for that trait in natural
Eco RI(14.5)* 0.039 0.39 0.19 0.20 0.003 0  populations.
SB haplotype 0.132 1 In contrast to the situation in ASC (1),
we observed that diallelic polymorphisms at
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Fig. 2. Association of haplotypes with bristle number variation. (A) The
correlation of the AB(2) haplotype (derived from the independent polymor-
phic sites with significant effects on abdominal bristle number ( Table 1) with
abdominal bristle number. The mean abdominal bristle number of each
chromosome line is plotted against its rank. The haplotype of the chromo-
some is indicated [in the order of Eco RI(6.5) and Pst 1(26.6)] as: open
squares, +—; solid squares, + -+; solid triangles, — +; and solid stars, ——.
The outside gray (dashed) lines indicate the mean bristle number of the
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common haplotype on the ordinate and the median bristle number of the
common haplotype on the abscissa; the inner gray lines indicate the mean
and the median of the remaining haplotypes. (B) Plotted as (A) but for the SB
haplotype (but here without pooling the two unique haplotypes) ( Table 1).
The haplotype of the chromosome is indicated [in the order of Pst I(—12.0),
Eco RI(—1.5), and InL(5.3)] as: open squares, —+ —; solid stars, ++—; solid
diamonds, —++; solid crosses, ——
+++; and solid circles, ——+.

—; solid squares, +——; solid triangle,



the sca locus are associated with large phe-
notypic effects, segregating at intermediate
frequencies (17). If a few loci account for a
substantial fraction of genetic variation in a
quantitative trait, allelic effects at these loci
must be large. Segregation of alleles with
large effects on quantitative traits, at low
frequencies, is predicted by theoretical
models in which the equilibrium distribu-
tion of quantitative variation reflects a bal-
ance between the input of new mutations
affecting the trait and their elimination ei-
ther by stabilizing selection on the trait
(16) or because the mutations have delete-
rious pleiotropic effects on fitness (18)..Our
observation is consistent with maintenance
of quantitative genetic variation by muta-
tion-selection balance only if some muta-
tions of large effect at the sca locus are
selectively neutral (19); however, most ev-
idence suggests that mutations that affect
bristle number have deleterious pleiotropic
effects on fitness (20). For statistical rea-
sons, we could not include rare polymorphic
sites in our analysis and, therefore, cannot
exclude the possibility that rare sca alleles
with large effects also contribute a signifi-
cant fraction of the genetic variation in
bristle number. These results indicate that
quantitative genetic variation caused by al-
leles of large effect at a few loci, segregating
at intermediate frequencies, should be ac-
commodated in models for the mainte-
nance of quantitative genetic variance. The
presence of alleles with large effects at in-
termediate frequencies in natural popula-
tions may also be relevant to ongoing con-
troversy concerning the nature of genetic
differences in morphological traits between
closely related species (21).

Several unknown factors could potential-
ly bias our estimates of the magnitude of
genetic variation in bristle number associat-
ed with molecular polymorphisms at sca. In
accord with previous observations (22), we
have assumed strictly additive allelic effects,
but dominance can either increase or de-
crease the estimated genetic variance (23).
The estimates are biased upward if some of
the significant associations are spurious. Fi-
nally, the observed polymorphic sites may
not be the direct causes of the differences in
bristle number; instead, they may be in link-
age disequilibrium with the actual molecular
variants causing the effects. Such an indirect
association would result in underestimates of
the effects and hence of the genetic variance
(24). However, because there is little linkage
disequilibrium among sites >2 kb apart in
the 45-kb region surrounding sca (Fig. 1), it
is unlikely that association of bristle number
variation with polymorphisms at sca is attrib-
utable to linkage disequilibrium between
polymorphisms at sca and variation at other
loci.

The observation that the sites associat-

ed with variation in abdominal bristle
number differ from those associated with
variation in sternopleural bristle number
may reflect the intricate regulation of ex-
pression of sca (5, 25). For example, the
third intron and fourth exon are proposed
as regulatory regions with binding sites for
the homeobox transcription factors en-
coded by Ubx, abA, and AbdB (25). These
regions may participate in negative regu-
lation of sca expression in abdominal seg-
ments. Indeed, we detected polymorphic
sites (SSCP 1447 and SSCP 1683) in this
region that were strongly associated with
variation in abdominal bristle number. A
more mechanistic interpretation of the
impact of sca on quantitative genetic vari-
ation will require further molecular and
developmental studies and more focused
analyses of specific alleles from natural
populations.
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RNA14 and RNA15 Proteins as Components of a
Yeast Pre-mRNA 3’-End Processing Factor

Lionel Minvielle-Sebastia, Pascal J. Preker, Walter Keller

Most eukaryotic pre-messenger RNAs are processed at their 3’ ends by endonucleolytic
cleavage and polyadenylation. In yeast, this processing requires polyadenylate [poly(A)]
polymerase (PAP) and other proteins that have not yet been characterized. Here, mu-
tations in the PAP1 gene were shown to be synergistically lethal with previously identified
mutations in the RNA74 and RNA15 genes, which suggests that their encoded proteins
participate in 3’-end processing. Indeed, extracts from rna74 and rna15 mutants were
shown to be deficient in both steps of processing. Biochemical complementation ex-
periments and reconstitution of both activities with partially purified cleavage factor | (CF

) validated the genetic prediction.

The pre-mRNAs of the yeast Saccharomy-
ces cerevisiae are processed at their 3’ ends
to produce transcripts ending with a
poly(A) tail of about 70 adenosine residues
[reviewed in (1)]. Yeast RNA 3’-end forma-
tion has been reconstituted in vitro (2) and
shown to be-similar to that in mammals (3).
It consists of two reactions: endonucleolytic
cleavage of the pre-mRNA and subsequent
polyadenylation of the upstream fragment.
Correct cleavage of the precursor occurs in
vitro by combination of two partially puri-
fied factors, CF I and CF II, whereas poly-
adenylation of the upstream fragment re-
quires CF I, polyadenylation factor I (PF I),
and PAP itself (4). Thus, CF I is required
for both steps of processing. Thus far, only
the gene coding for PAP has been identified
and shown to be essential for cell viability
(2, 5).

A selective screen for S. cerevisize mu-
tants that are sensitive to cordycepin (3'-
deoxyadenosine) at 22°C and are témpera-
ture-sensitive at 37°C has revealed two ge-
netically independent mutants called rnal4
and rnal5 (6). In these mutants, the steady-
state concentration of the polyadenylated
mRNAs was shown to rapidly decrease at
the nonpermissive temperature (37°C),
with a‘shortening of the poly(A) tails. This
was also observed with a well-known RNA
polymerase II mutant, rpbl-1. Because tran-
scriptional activity was not substantially al-
tered in rnal4 and rnal5, these phenotypes
have been interpreted as an impairment of
mRNA stability (6). However, a defect in
the maturation of pre-mRNA 3’ ends could
also explain the mutant phenotypes. The
latter explanation would mean that no new
mature mRNA is produced, which is con-
sistent with the phenotypes observed. Ge-
netic and biochemical evidence is provided
in this report that strongly supports the
involvement of RNA14 and RNA15 pro-
teins in 3'-end processing of pre-mRNAs;
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more precisely, as components of CF 1.

If RNA14- or RNA15-encoded proteins
are involved in the maturation of pre-
mRNA 3’ ends, they may physically or
functionally interact with PAP. This in-
teraction can be assayed genetically
through the analysis of double mutants of
their genes: The combination of these mu-
tations may show a synergistic interaction
and lead to cell death under any condi-
tions of growth (7). We thus introduced
rnal4-1 or rnal5-1 mutations into a strain
carrying a chromosomal disruption of the
PAPI gene, rescued by the pPAPI plas-
mid, which contains the wild-type PAPI
gene and the URA3 marker. These strains
(8) were then transformed with an ADE2-
marked plasmid carrying the temperature-
sensitive allele pap1-5 (pApapl-5) (9). Be-
cause of the presence of the rnal4-1 or
rnal5-1 alleles, these strains are strictly
temperature-sensitive but can grow at the
permissive temperature (24°C) on a selec-
tive medium that allows the maintenance
of the plasmids (Fig. 1A, sectors 1 and 6).
However, the strains were inviable once
the pPAPI plasmid was lost on selective
medium containing 5-fluoroorotic acid (5-
FOA) (10), even at the low temperature
(Fig. 1B, sectors 1 and 6). Because on this
medium the essential functions of RNA14,
RNAI5, and PAPI genes were only pro-
vided by their respective mutant alleles,
we concluded that the observed lethality
was due to the enhancement of the con-
ditional defect that each of the mutants
carries on its own. This conclusion was
strengthened by the fact that the synergis-
tic lethality was reversed when we intro-
duced the plasmid-borne RNAI4 wild-
type gene into the nal4-1 papl-5 mutant
context but not when we introduced the
RNAI5 gene (Fig. 1B, compare sectors 2
and 3, respectively). For the same reasons,
an RNAI5-containing plasmid allowed
the rnal5-1 papl-5 mutant to grow on
5-FOA medium, whereas transformation
with the RNAI4 gene did not (Fig. 1B,



