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Impairment of piRNA-mediated regulation of P-element mRNAs in D.
melanogaster females heterozygous for a mutant allele of argonaute3 or
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The proteins encoded by the genes argonaute3 (ago3), aubergine (aub), and piwi are involved in
processing small RNAs that regulate transposable elements in the D. melanogaster genome. As a group, these
proteins are called Piwi-type proteins, and the RNAs associated with them are called Piwi-interacting (or pi)
RNAs (Aravin et al., 2007; Brennecke et al., 2007; Li et al., 2009). piRNAs are generated from many
different loci, including one in the Telomere Associated Sequences (TAS) at the left end of the X
chromosome. This locus has been identified as the source of the piRNAs that regulate the P family of
transposable elements (Brennecke et al., 2008). P elements are mobilized by an enzyme, the P transposase,
which is encoded by structurally complete members of the P-element family (Engels, 1989). P-element
activity is restricted to the germ line, because the mRNA for the transposase is produced only in that tissue
(Laski et al., 1986); in the soma, the last of the introns—the one denoted as the 2-3 intron because it lies
between exons 2 and 3—is not removed from P transcripts. When translated, these incompletely spliced P
transcripts produce a polypeptide that is unable to catalyze transposition.

In the germ line, P elements are regulated by piRNAs generated from P-elements that have
fortuitously inserted into the TAS of XL (Ronsseray et al., 1991; Marin et al., 2000; Stuart et al., 2002).
These piRNAs can be passed from mother to offspring through the egg cytoplasm (Brennecke et al., 2008).
Thus, a female that carries a telomeric P element can endow her offspring with the ability to regulate P-
element activity, even if the offspring do not inherit the telomeric P element itself (Simmons et al., 2012).
This maternal effect is one of the hallmarks of P regulation. Engels (1979) coined the term “P cytotype” to
encompass all the components of P regulation—both chromosomal and cytoplasmic. Recent analyses have
revealed that the chromosomal component consists of the P elements themselves—especially cytotype-
anchoring telomeric P elements—and the cytoplasmic component consists of maternally transmitted piRNAs.

At the molecular level, P regulation is characterized by a reduction in the amount of germ-line P
MRNA (Jensen et al., 2008). This reduction could either be due to repression of P transcription or to post-
transcriptional destruction of P transcripts; in either case, the mechanism must be mediated by piRNAs
generated from a telomeric P element. However, P-element regulation might also involve other factors. One
candidate is heterochromatin protein 1 (HP1), which is encoded by the Suppressor of variegation 205
[Su(var)205] gene (Eissenberg et al., 1990), and another is the HP1/ORC-associated protein (HOAP), which is
encoded by the caravaggio (cav) gene (Cenci et al., 2003). These two proteins are involved in chromatin
organization, notably at telomeres, where they could influence the expression of piRNA-generating P
elements. The proteins Ago3, Aub, and Piwi are thought to be involved directly in the production of piRNAs
from these P elements. Depleting any of these chromatin-organizing or piRNA-processing proteins might
impair the production of piRNAs, and thereby allow P-element mRNAs, especially transposase-encoding
MRNAS, to accumulate in the germ line.

To test this hypothesis, we used reverse transcription and the polymerase chain reaction (RT-PCR) to
assess the levels of mMRNAs from a telomeric P element, denoted TP5, and a transgenic complete P element,
denoted H(hsp/CP)2, in females that were heterozygous for these elements and a mutant allele of the ago3 or
cav gene. Females that are homozygous for the ago3" or ago3® alleles are sterile (Li et al., 2009), and flies
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that are homozygous for the mutant cav allele are lethal (Cenci et al., 2003). All these mutant alleles are
functionally null, and in heterozygous condition, they would be expected to deplete the amount of wild-type
Ago3 or HOAP protein by 50%, as has been demonstrated with ago3/+ heterozygotes (Li et al., 2009). RNA
was isolated from four samples of 20 adult females of each genotype with the Trizol reagent, and then reverse
transcribed using the ThermoScript Reverse Transcriptase and an oligo-dT primer. In addition to the samples
from the mutant genotypes, we obtained samples from TP5/+; H(hsp/CP)2/+; +/+ and +/+; H(hsp/CP)2/+; +/+
control females. The cDNAs from each sample were amplified by PCR with appropriate primers and the
products were analyzed by electrophoresis in 1% agarose gels. The procedures for RNA isolation, reverse
transcription, and PCR have been described by Jensen et al. (2008).

Figure 1. RT-PCR analysis of “somatic” CP

MRNA in sets of samples from mutant and control
T’+ NJ+ T’Al T=A3 T’C female genotypes carrying the H(hsp/CP)2

Sl Sl S s s transgene (here abbreviated CP). Sample T,+:

- Sample T,Al: TP5/+; CP/+; ago3"/+. Sample

Set2 ™HETEETEE B BB 1.A3 TP5/+; CP/+; ago3®/+. Sample T,C: TP5/+;
CP/+; cav/+. All the samples came from

Set 3 [l i cp:ndent RNA isolates. The 1539 bp RT-PCR
- products were obtained by amplifying the cDNAs

Set 4 m - with the primers PA0/1 -d and P2075-u; see Jensen

et al., (2008) for details.

Figure 1 shows the analysis of CP mRNAs that retain the 2-3 intron. These mMRNAs are produced in
somatic cells, where the 2-3 intron cannot be excised from CP transcripts; hence, we refer to them as
“somatic” mRNAs. However, they may also be produced in germ-line cells if the 2-3 intron is not removed
with 100% efficiency. Figure 1 shows no consistent differences in the intensities of the RT-PCR products
among the genotypes that were analyzed. Thus, the presence or absence of the cytotype-anchoring TP5
element or the presence of an ago3 or cav mutation does not seem to affect the abundance of the “somatic”
MRNA derived from the CP element. These findings fit with the absence of cytotype regulation of P elements
in somatic cells (Stuart et al., 2002; Simmons et al., 2004). Thus, piRNAs do not operate to diminish P-
element mRNAS in the soma.

Figure 2. RT-PCR analysis of germ-line CP mRNA in
L+ N+ TAl TA3 T.C sets of samples from mutant and control female
S ik wee i S A <R SRR S genotypes. The genotypes are the same as those in
Figure 1. The 1495 bp RT-PCR products were
obtained by amplifying the cDNAs with the primers
PA0/1-d and PA2/3-u (Jensen et al., 2008). The latter
primer is specific for mRNAs that do not have the 2-3
intron, which is removed from P transcripts only in
germ-line cells.
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Figure 2 shows the analysis of CP mRNAs
that have lost the 2-3 intron. These mRNAs are
produced exclusively in germ-line cells. In each set
of samples, the most intense RT-PCR product is the
one from the flies that did not carry the TP5 element
(denoted N,+). Without this element, there is no
cytotype regulation of the P-element family and the abundance of germ-line mRNAs from the CP element is
undiminished. All the other samples—from flies that carried TP5 (denoted with a T)—show less intense RT-
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PCR products. Thus, in these samples, the abundance of germ-line CP mRNA has been reduced. In sets 1, 3,
and 4, the reduction is clearly strongest in the samples from flies that did not carry an ago3 or cav mutation
(denoted T,+), whereas in set 2, the reduction is about the same for all the TP5-bearing genotypes. These
observations indicate that the TP5 element is responsible for reducing the amount of germ-line CP mRNA, and
that in three of the four sets, the ago3 mutations (Al = ago3"; A2 = ago3®) or the cav mutation (C) ameliorate
this reduction. Heterozygous ago3 or cav mutant alleles therefore appear to impair the TP5-anchored
mechanism that prevents CP mRNA from accumulating in the female germ line.

T.+ N+ T.Al T.A3 TC Figure 3. RT-PCR analysis of sets of germ-line
+' e = e = + = +' _ TP5 mRNAs from mutant and control female

genotypes. The genotypes are the same as those

Set 1 _ in Figure 1. The 471 bp RT-PCR products were

obtained by amplifying the cDNAs with the

Set 2 _ primers TP5-d, which is specific for the TP5
element, and PA2/3-u (Jensen et al., 2008).

Figure 3 shows the analysis of germ-line

Set 4 _ MRNA from the TP5 element. Of course, the

flies that did not carry TP5 (the sample denoted

N,+) could not—and did not—produce this
mMRNA. The flies that carried TP5 but that did not carry a mutant ago3 or cav allele (T,+) also did not produce
any germ-line TP5 mRNA. In these flies, the TP5 element evidently generates only piRNAs. However, some
germ-line TP5 mRNA does appear when a mutant ago3 or cav allele is present in the genotype (samples
denoted T,Al; T,A2 and T,C). Thus, heterozygous mutant alleles of ago3 or cav alter the expression of the
TP5 element. The appearance of TP5 mRNA in these heterozygous mutant genotypes suggests that expression
of the TP5 element has shifted from generating piRNAs to producing mRNAs, likely diminishing the power of
the piRNA mechanism to repress P-element activity. This expectation is consistent with the impaired ability
of TP5-bearing flies that are heterozygous for a mutant ago3 or cav allele to prevent the accumulation of CP
mRNA in the germ-line (Figure 2). At the molecular level, depleting the Ago3 or HOAP proteins by mutating
one copy of the relevant genes therefore seems to weaken the regulatory system that is anchored in the
telomeric TP5 element. However, the accompanying note by Elston and Simmons (2015) indicates that
heterozygous ago3 or cav mutations have no effect on repression of P-element excisions from an X-linked
locus in males. Thus, even a regulatory system weakened by the maternal (and zygotic) effects of
heterozygous ago3 or cav mutations is capable of repressing P activity in the male germ line.

A similar analysis has been reported for females heterozygous for a mutant allele of the aub, piwi, or
Su(var)205 genes (Simmons et al., 2010). Heterozygous aub alleles and one piwi allele (piwi') allowed CP
mRNA to accumulate in the germ line, and they also increased the expression of TP5 mRNAs. The piwi
allele, which is thought to be less severe than piwi' because of the nature of the molecular lesion and the
absence of any homozygous effect on male fertility, did not allow CP mRNA to accumulate, and it did not
increase the expression of TP5 mRNA. Su(var)205* also did not allow CP mRNA to accumulate, but it did
increase the expression of TP5 mMRNAs. When heterozygous, the aub alleles, piwi' and Su(var)205% disrupted
repression of P-excisions in the male germ line, whereas piwi® did not. All these results suggest that P-
element regulation may involve the collaboration of the Piwi-type proteins Ago3, Aub, and Piwi, the
chromatin-organizing proteins HP1 and HOAP, and P-specific piRNAs.
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rate variation in Drosophila pseudoobscura.

Gredler, Jennifer N., and Mohamed A.F. Noor. Biology Department, Duke University,
Durham, NC 27708 USA; E-mail: jngredlerl1@gmail.com

Introduction

Genetic recombination during meiosis is essential for the successful segregation of chromosomes and
acts as an important driver of evolutionary change via its roles in the processes of speciation and the
maintenance and creation of genetic diversity. Despite its importance, recombination rate is known to respond
to a variety of factors, both molecular and environmental, that can ultimately lead to substantial heritable
variation in recombination rates amongst individuals, populations, and species (Smukowski and Noor, 2011).
Such variation in recombination rates has been documented in a diverse range of taxa that includes humans,
mice, Drosophila, yeast, and Arabidopsis (Comeron et al., 2012; Coop et al., 2008; Drouaud et al., 2006;
Dumont and Payseur, 2011; Fledel-Alon et al., 2011; McGaugh et al., 2012; Petes, 2001).

Recently, parent-of-origin effects on gene transcription and expression were suggested to influence the
location and formation of double stranded break precursors to recombination, thus potentially influencing
patterns of variation in recombination rates across the genome (Adrian and Comeron, 2013). If true, maternal
effects may affect recombination landscapes genome-wide and create variation in recombination rates among
individuals within species. Maternal effects are known to play pivotal roles in body axis formation during
embryogenesis in Drosophila; however, studies directly testing the role of maternal effects (e.g., through
cytoplasmically inherited factors) on recombination rate variation have yet to be explored. This study aims to
step away from the commonly studied influences on recombination rates, including sequence variation,
epigenetics, protein binding sites, and plasticity in response to changing environments, to offer further insight
about parental influences on recombination in their offspring.

In this study, we use two subspecies of Drosophila pseudoobscura, D. ps. pseudoobscura and D. ps.
bogotana, to study how maternal effects impact variation in recombination rates. These two subspecies were
chosen since they are genetically divergent (Prakash et al., 1969), allowing more opportunity for potential
parent-of-origin effects on recombination, and since they form fully fertile hybrid females. We set up
reciprocal inter-subspecies crosses to generate F; hybrid females, differing only in maternal effects and
organellar genomes, and use over 1400 F, progeny from each cross to infer the recombination rates in the F;
females at two windows located on opposite ends of chromosome 2 (Muller's Element E).



