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The major loci for the large primary ribosomal RNA (rRNA) genes (35S rRNAs) exist as hundreds to thousands of tandem repeats in all
organisms and dozens to hundreds in Drosophila. The highly repetitive nature of the ribosomal DNA (rDNA) makes it intrinsically
unstable, and many conditions arise from the reduction in or magnification of copy number, but the conditions under which it does
so remain unknown. By targeted DNA damage to the rDNA of the Y chromosome, we created and investigated a series of rDNA alleles.
We found that complete loss of rDNA leads to lethality after the completion of embryogenesis, blocking larval molting and metamor-
phosis. We find that the resident retrotransposons—R1 and R2—are regulated by active rDNA such that reduction in copy number de-
represses these elements. Their expression is highest during the early first instar, when loss of rDNAis lethal. Regulation of R1and R2 may
be related to their structural arrangement within the rDNA, as we find they are clustered in the flanks of the nucleolus organizing region
(NOR; the cytological appearance of the rDNA). We assessed the complex nucleolar dominance relationship between X- and Y-linked
rDNA using a histone H3.3-GFP reporter construct and incorporation at the NOR and found that dominance is controlled by rDNA copy
number as at high multiplicity the Y-linked array is dominant, but at low multiplicity the X-linked array becomes derepressed. Finally, we
found that multiple conditions that disrupt nucleolar dominance lead to increased rDNA magpnification, suggesting that the phenomena
of dominance and magnification are related, and a single mechanism may underlie and unify these two longstanding observations in

Drosophila.
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Introduction

The ribosomal RNA (rRNA) genes of Drosophila melanogaster are
multicopy, existing as tandem repeats of transcription units for
the homozygous 55 rRNA (the 5S array) and the co-transcribed
35S primary transcript comprising the 18S, 5.8S, and 28S rRNAs
(the 35S array). The repetition of the rRNA genes is a common fea-
ture in eukaryotes with only minor variations (e.g. the 5S and 35S
genes are interspersed in a single array in the yeast Saccharomyces
cerevisiae) (Bell et al. 1977; Hori et al. 2023). Much work on the 35S
array—called simply the “ribosomal DNA" (rfDNA”)—has been
done in Drosophila, maize, Arabidopsis, yeast, mouse, and human
cells (Grummt and Langst 2013; van Sluis et al. 2019). Reduced
rDNA copy number limits translation, leading to a bobbed pheno-
type in Drosophila (Bridges and Brehme 1944; Ritossa et al. 1966).
Bobbed flies express etched cuticles (especially of the dorsal abdo-
men), reduced length and girth of adult sensory bristles, and de-
velopmental delay (Ritossa et al. 1966; Ritossa 1968). The
expressivity of the bobbed phenotype linearly relates to the total
number of active rDNA cistrons to a minimum number (Tartof
1973; Hawley and Tartof 1985; Terracol 1986; Paredes and
Maggert 2009a) below which further deletions lead to organismal
or cell death. One additional finding of these studies has been that
rDNA arrays may contain many more individual 35S cistrons than
is strictly necessary for translational capacity, allowing rDNA

copy number to vary widely in populations (Long and Dawid
1980; Lyckegaard and Clarke 1989).

The repeat structure of the rDNA is intrinsically unstable, con-
tributing to this variation. In yeast, rDNA copies are lost or seques-
tered in mother cells owing to closed mitoses and, to compensate,
the rDNA copy number is regulated by a special process evolved to
expand low-copy rDNA arrays back to sufficiency (Koboyashi et al.
1998). The loss and gain of rDNA contribute to the variation ob-
served in populations of individuals. In Drosophila also, copies of
the rtDNA are lost through development, although the mechanism
for excision from the chromosomal array is not well understood
(Ritossa 1968). In Drosophila, the competing process of TDNA mag-
nification can restore bobbed flies to wild-type (Ritossa et al. 1966;
Hawley and Tartof 1985), though it is yet unclear whether magni-
fication is an orderly and regulated event, as it is in yeast, or in-
stead is a byproduct of sporadic DNA damage and imprecise
repair. Nonetheless, the connections between rDNA copy number
changes in yeast as it ages, the potential for a general phenom-
enon of rDNA loss in aging eukaryotes, and the rapid loss of
rDNA in cancer (Wang and Lemos 2017; Xu et al. 2017; Valori
et al. 2020) have led to interest in rDNA copy number dynamics.
Drosophila represents an excellent system in which to study loss
and magnification of rDNA in part because of the ease in creating
otherwise-isogenic rDNA copy number variants (Paredes and

Received on 12 March 2024; accepted on 02 April 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of The Genetics Society of America. All rights reserved. For commercial re-use, please
contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the
Permissions link on the article page on our site—for further information please contact journals.permissions@oup.com.

G20z AInr G0 uo 1s8nb Aq 6.4289./€9008A1/E/LZZ/0101E/SON8USB /W00 dNO"0IWepED.)/:SdY WOy papeojumoq


https://orcid.org/0000-0002-9291-9481
mailto:kamaggert@arizona.edu

2 | S.M.Kindelay and K. A. Maggert

1,3 — R1-uninserted
2,3 — R1-inserted
6,7 — R2-uninserted
4,5 — R2-inserted
8,9-18S

3t

I-Crel
v

t

5
1
ITs1 _I7TS1.5 152 7m)

5.85 25

t

x
~
i
1
1
1
1
R S S

________ 5’
-------------- 5'
____________________ 5
d
2, OY, KX
£
2 ov, B
>1.5
Y, yw-KAM
g oY, kX O ¢
» O 1.12= QY, yw-KAM 4 Y 590
1 o
= Y, yw-KAM Oy, B’
v oy, B®
a 0.5 @Y; 108 Qy, 108
] Y, H3.3
3 O, H3.3
& o
185 R1 R2

Fig. 1. Analysis of Y, 590, Y chromosome progenitor for rDNA deletion alleles. a) Schematic of a single rDNA repeating unit indicating the coding (18S, 5.8S,
2S, 28S) and noncoding regions (IGSis the intergenic spacer; ITS1,ITS1.5, and ITS2 are the internal transcribed spacers). Rectangles represent the R1 and R2
retrotransposable elements, and dashed arrows indicate their stereotyped insertion sites in the 28S. Shorter rectangles and dashed lines represent that
not all R1 and R2 elements are full length; many are 5’ truncations. Numbered arrows indicate position of primers used for gPCR or RT-qPCR analyses of
18S, 28S, R1, and R2 copy numbers in this study; boxed text indicates which primer sets were used for which class of rDNA. “I-Crel” indicates location of
I-Crel meganuclease consensus sequence in the rDNA. b) Cytology of Y, 590-derived chromosome, including labels of the long arm (Y"), short arm (v9),
centromeric “primary” constriction (“C"), and rDNA “secondary” constriction (‘/DNA”). Genotype of the cellis C(1)DX, y* f* bb®/Y, 590°%11P>L as apparent
from full mitotic chromosome spread (inset); C(1)DX compound X chromosome is labeled. c) Examples of low, medium, and high expression of yellow* and
white* due to variegation in the eyes and abdomens of y' w®’“?*/Y, 590 males. See also Supplementary Fig. 1d) gPCR copy number of 18S, R1, and R2—
relative to Y, 590—of various laboratory strains. Black bars are the Y, 590 data (set to 1.0), yellow dots are individual data points for indicated
chromosomes (see Supplementary Fig. 11), and red bars are average of all data (excluding Y, 590).

Maggert 2009a). Further, the unusual structure of the rDNA of
Drosophila provides compelling insights into the regulation of
rDNA transcription itself.

In Drosophila, the nonlong terminal repeat retrotransposons, R1
and R2, insert themselves at specific sites within the 285 TRNA genes
of some 35S rDNA cistrons (Fig. 1a) (Jakubczak et al. 1990). A signifi-
cant proportion of rDNA cistrons may be so interrupted by R1, R2, or
both types of insertions in melanogaster, in other Drosophilidae
(Malik and Eickbush 1999) and more generally in the Arthropoda
(Jakubczak et al. 1991). The frequencies and distributions of these in-
sertions vary widely between different wild or laboratory isolates of
D. melanogaster, ranging between 17 and 67% of the X-linked rtDNA
interrupted by Rls and 2 and 28% of both the X- and Y-linked
rDNA interrupted by R2s (Wellauer et al. 1978; Long and Dawid
1979; Jakubczak et al. 1992). Thus, only a fraction, as low as 10%,
of rDNA may be uninserted in common laboratory strains (Ye and
Eickbush 2006). Nuclear run-on experiments have shown that R1
and R2 are co-transcriptionally expressed with the 28S rRNA as
partof the 355 primary rRNA transcript but are identified and termi-
nated to generate truncated transcripts which are rapidly degraded

(Ye and Eickbush 2006). An additional means of preventing a disrup-
tion of 185-5.85-28S stoichiometry is the direct transcriptional silen-
cing of R1- and R2-inserted 35S cistrons through sequence-specific
or regional regulatory processes (Eickbush et al. 2008; Guerrero
and Maggert 2011; Kindelay and Maggert 2023). Electron micro-
graphs confirmed that long rDNA primary transcripts—those corre-
sponding to retrotransposon-inserted 35S cistrons—are both
under-transcribed and transcribed to varied lengths, indicating ab-
sent or incomplete processing compared to the more uniformly pro-
cessed uninserted rDNA (Chooi 1979; Jamrich and Miller 1984).
Correspondingly, expression of RI- and R2-inserted copies has
been detected only at very low levels compared to uninserted copies
inovaries, embryos, larvae, pupae, and adult flies of different strains
(Long and Dawid 1979; Kidd and Glover 1981). For these reasons, R1-
and R2-inserted rDNA copies are thought to be completely non-
functional in terms of ribosome biosynthesis (Terracol 1986).

The bobbed genetics of the rDNA loci is complicated by the in-
ternal redundancy of multiple 35S cistrons (with their different
retrotranspositional insertion statuses), the redundancy between
the two X-linked arrays in females and the X- and Y-linked arrays
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in males. It has been established that in Drosophila, a dominance
relationship exists in that males express only their Y-linked arrays
(Greil and Ahmad 2012). Much remains to be learned about this
phenomenon, for example, the tissues and cells, and periods of
development, in which dominance is observed (Warsinger-Pepe
et al. 2020). Additionally, some chromosome combinations escape
dominance, and the X- and Y-linked arrays are co-dominant in
males (Greil and Ahmad 2012). The features of the arrays, whether
dominance maps to the X or the Y, and how chromosomes may be
altered to become dominant are all outstanding questions.

Genetic evidence exists for inter-array compensation as
Y-linked arrays with few functional cistrons may be dominant
in terms of expression, but recessive in terms of phenotype, de-
pending on the status of the X-linked rDNA array in the genotype.
Further evidence for compensation between X- and Y-linked ar-
rays comes from R1 and R2 expression, which have been shown
toincrease in bobbed mutants as a consequence of increased over-
all transcription of the rDNA (Long et al. 1981; Terracol 1986).
Despite these behaviors, direct cytological evidence of compensa-
tion is lacking.

Knowing how many copies of uninserted rDNA exist in any one
individual, how the copy numbers vary in populations, and how
expression corresponds to both homologous rDNA copy number
and conditions that elicit magnification are critical questions to
understand the limits and dynamics of rDNA loss and gain. It is
with this in mind that we created rDNA alleles from a natural iso-
genic Y chromosome that by itself was capable of sustaining the
translational demands of the organism. In our studies, we found
that thelethal phase of even complete loss of rDNA is late in devel-
opment, as organisms with no active rDNA complete embryogen-
esis and hatching, but fail to undergo their first larval molt and die
as unnaturally old first-instar larvae. The state of rfDNA expres-
sion corresponds to histone H3.3 incorporation and the formation
of a visible “secondary” constriction in prophase/prometaphase
chromosomes, and analysis of these data showed clear evidence
for compensatory activation of the X-linked rDNA in what would
have otherwise been bobbed flies. Finally, we found that rDNA
“magnifying” conditions corresponded to conditions under which
this compensatory mechanism is activated, either by direct ma-
nipulation of bobbed alleles or by mutations in genes whose pro-
ducts are necessary for rDNA silencing or chromosome pairing.
We propose that dominance inhibits magnification, in which con-
ditions necessary and sufficient for rDNA magnification are those
that also elicit X chromosome derepression, unifying rDNA com-
pensation, dominance, silencing, and expression-dependent
damage to create the conditions required for unequal sister chro-
matid exchange-mediated gene magnification.

Materials and methods
Fly strains and genetics

All flies were maintained at 18°C and 70% relative humidity and
crossed or raised at room temperature or 25°C and 80% relative
humidity. Strains were maintained and crossed in glass vials on
cornmeal-molasses-agar. Supplementary Figure 11 provides a
complete list of genotypes and corresponding stock center num-
bers or source citations.

Genetic screen for rDNA deletions

Heat-shock induction of I-Crel meganuclease (Thompson et al.
1992) was performed essentially as previously described
(Maggert and Golic 2005; Paredes and Maggert 2009a) For each
cross, males and females were allowed to freely mate and lay

eggs for 2-3 days, and then, parents were removed. Embryos
were allowed to develop to feeding- and wandering-stage
third-instar larvae. Individual vials were heat-shocked in a circu-
lating water bath at 37°C with fly vial plugs pushed down to pre-
vent larvae from crawling up the vial walls to escape the heat.
Time of heat shock and repetition/recovery were varied as out-
lined in Supplementary Fig. 2.

18S, R1- and R2-inserted, and uninserted copy
number determination

Real-time PCR was performed using the StepOnePlus Real-Time
PCR System (Applied Biosystems) with the same cycling para-
meters as described previously (Paredes and Maggert 2009a;
Aldrich and Maggert 2014). To estimate copy numbers of rDNA
in bobbed-lethal derivative strains and wild-type laboratory strains,
genomic DNA was isolated from first-instar larvae, third-instar
larvae, or adults in pools of 10-20 individuals per biological repli-
cate, according to Dobie et al. (2001). DNA was quantified on a
Qubit fluorometer (Thermo Fisher). Each PCR contained Sybr
Green 2X Master Mix (Genesee Scientific), appropriate primer
pairs (Fig. 1a), and genomic DNA diluted to 2-10 ng/uL per reac-
tion. A master tube of each reaction was split into four technical
replicates in 96-well plates and run using the comparative “Ct”
method. Primers were as follows: for 18S copy number, d18s.1
5'-AGCCTGAGAAACGGCTACCA-3’ and d18s.2 5'-AGCTGGGAGTG
GGTAATTTACG-3’; for R2 copy number, YesR2F 5'-ACACACAGT
GTTGGCAGACC-3’' and YesR2R 5'-TAGATGACGAGGCATTTGG
C-3’; for R1 copy number, YesR1F 5-ATAGGGTGCCGTGGTTG
TAA-3" and YesNoR1R 5-AATTATTCCAAGCCCGTTCC-3’; and
for uninserted (i.e. neither R1 nor R2) copy number, KR1R2.F
5-TTCAAGTAAGCGCGGGTCAAC-3' and KRIR2R 5'-ATTCCA
AGCCCGTTCCC-TTG-3'". All data analysis with PCR calculations
was performed in Microsoft Excel or Apple Numbers using raw
Cr values as we have done before (Paredes and Maggert 2009a;
Aldrich and Maggert 2014).

rRNA (and R1 and R2) expression

Ten to twenty first-instar larvae were collected in 1.5-mL micro-
centrifuge tubes, frozen at —20°C for 15 minutes, and then homo-
genized with plastic pestles in 1 mL of Trizol reagent (Ambion).
RNA was isolated following the procedures as described (Green
and Sambrook 2020). First-strand cDNA synthesis was performed
with Maxima H Minus Reverse Transcriptase (Thermo Scientific)
following the protocol of the kit and using gene-specific reverse-
complement primers: to detect R2, R2.RT.PG 5-GCCAAC
ACTGTGTGTGGTCA-3’, to detect uninserted copies, R1R2.RT.PG
5'-CCGAGGTGTAATATCTCCCAC-3’, to detect total copy num-
bers, 35S.RT.PG -5'-CCGAGGTCTAATATCTCCCAC-3’, and to de-
tect R1, R1.RJA 5-CCAGCAATCGTATGCTCGCTG-3’; and rhol
expression was used as a control, thol.RT.PG 5'-CTTAGCCG
AACACTCCAAATAGG-3'. The cDNA was diluted 1:5 and used dir-
ectly in real-time PCR with the following primers for second-
strand cDNA synthesis and amplification: for R1, R1.F.PG
5'-GCCTCGTCATCTAATTAGTGACGCGC-3" and R1.R.PG 5-CCA
CGAGCGCAACG-AAAACACG-3; for R2, R2FPG 5-GGAT
GTGATGCTCCCGAAAC-3' and R2.RPG 5-CAAGTCCCCGCT
TGATT-CGA-3’; for uninserted copies, RIR2.F.PG 5'-GCCTC
GTCATCTAATTAGTGACGCGC-3’" and R1R2.R.PG 5'-CCCTTGGC
TGTGGTTTCGCTAG-3"; for rhol, rhol.F.PG 5-GTGGAGC
TGGCCTTGTGGG-3' and 1hol.RPG 5'-CTAGCGAATCGGGTG
AATCCACTG-3; and for total rRNA expression, 35S.F.PG
5'-AGCCTGAGAAACGGCTAC-CA-3" and 35S.R.PG 5-AGCTGGGA
GTGGGTAATTTACG-3".
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DNA fluorescence in situ hybridization

DNA fluorescence in situ hybridization (FISH) was performed as
described previously (Larracuente and Ferree 2015), and
third-instar crawling larvae were selected and their brains dis-
sected in 1X phosphate-buffered saline (PBS, 137 mM sodium
chloride, 2.7 mM potassium chloride, 10 mM sodium phosphate
dibasic, and 1.8 mM potassium phosphate monobasic) in 35 mm
x 10 mm cell culture dishes under an SMZ 1500 stereomicroscope
(Nikon). The brains were briefly submerged in 50 uL of 1X PBT (1X
PBS supplemented with 0.1% Tween-20) before incubatingin 50 uL
of 0.5% sodium citrate for 10 minutes. Three or four brains were
transferred to 20 uL of fix solution [2.5% paraformaldehyde (pH
7.5) in 45% acetic Acid] on a salinized coverslip (glass treated
with dichlorodimethylsilane and washed with ethanol, 18 mm
or 24 mm) and incubated for 5minutes at room temperature.
Afterward, a Superfrost Plus microscope slide (Fisher) was care-
fully placed over the coverslip, inverted, and squashed with the
firm and experienced thumb of S.M. Kindelay and then placed
on a block of dry ice for 5 minutes orin a —80°C freezer for 15 min-
utes until frozen. The coverslips were popped off with a razor
blade, and the slides were incubated in a Coplin jar filled with
100% ethanol at —20°C for 5minutes and then left to dry at
room temperature for an hour.

Once dried, 20 uL of hybridization buffer (Larracuente and
Ferree 2015) plus 1 uL of probe was pipetted onto the tissue and
topped with a coverslip. The slide was incubated in the dark on
a heat block at 95°C for 5 minutes, sealed with stretched parafilm
(Bemis), and incubated at 37°C in a hybridization oven in a hu-
midifying chamber overnight. The next day, the coverslip was
gently removed, and the slide was washed thrice with 0.1 X SSC
(150 mM sodium chloride, 15 mM sodium citrate) and allowed to
dry in the dark at room temperature. A drop of Vectashield
(Vector Labs) mounting solution supplemented with
4’ 6-diamidino-2-phenylindole (DAPI, 1ng/ul) was placed over
the tissue, covered with a cover slip, sealed with fingernail polish,
and imaged on a Zeiss Axioskop II mot-plus microscope using a
100x oil objective.

To generate probes, genomic DNA was isolated from a mixture
of y* w®“?® males and females. The genes for the probes were
amplified using LongAmp Taq 2X Master Mix (New England
Biolabs) with optimized PCR cycling parameters. Primers were as
follows: for R1, R1.F 5'-CGGACGTGTTTTCGTTGCGCT-CGT-" and
R1.R5-ATGTATGCTTTTCGG-ATCCCTCCGA-3’; for R2, R2.F 5'-TT
GGGGATCATGG-GGTATTTGAGA-3’and R2.R 5'-TGATCGC-GGAG
GTATGGAAATCT-3'; and for 18S, 18s.F 5'-ATT-CTGGTTGATCC
TGCCAGTAG-3" and 18s.R 5-TAATGATCCTTCCGCAGGTTC
AC-3’. The PCR products were separated by gel electrophoresis,
extracted and purified (GeneClean), and cloned into the
pCR4-TOPO-TA vector (Invitrogen). The FISH Tag DNA
Multicolor Kit (Invitrogen) was used for nick translation and
chemical labeling with Alexa Fluor (AF) dyes according to the
kit instructions using 1:500 DNase I and incubating overnight
at 15°C. The probes were labeled as follows: 18S probes with
AF-488 and R1/R2 probes with either AF-555 or AF-594.

Histone H3.3-GFP immunofluorescence

Visualization of histone H3.3 on mitotic chromosomes was done
using a protocol adapted from Greil and Ahmad (2012) and
Larracuente and Ferree (2015). Wandering third-instar larvae, ei-
ther heterozygous or homozygous for the H3.3-GFP transgene,
were incubated in a 37°C circulating water bath for 1 hour to in-
duce transient expression of H3.3-GFP, followed by recovery at

25°C for 2 hours. Male larvae were selected and their brains dis-
sected in 1X PBS. The brains were transferred to sodium citrate
for 5 minutes and then to 20 uL of fix solution for 5 minutes on a
salinized coverslip. The solution was then carefully pipetted out
while avoiding the tissue, and 20 uL of 1X PBT was added and
left toincubate for 5 minutes. The PBT was then carefully pipetted
out, and 20 uL of fix solution was added. A slide was placed over
the coverslip, inverted, and squashed with assured and assertive
pressure and placed on a block of dry ice for 5 minutes or placed
in a —80°C freezer for 15 minutes until frozen. The cover slips
were popped off with a razor blade and washed with 1X PBSin a
Coplin jar for 10 minutes and then 1X PBT for 10 minutes. The tis-
sue was covered in 75 uL of blocking solution (1% bovine serum al-
bumin in 1X PBS) and sealed with a square piece of unstretched
parafilm for 1 hour at room temperature in a humid chamber.
Excess blocking solution was removed, and the primary antibody
was added (mouse monoclonal GFP antibody GFP (B-2), sc9996,
Santa Cruz) at 1:40 in blocking solution and incubated in a humid
chamber overnight at 4°C. The next day, slides were thrice washed
with 1X PBS in a Coplin jar for 5 minutes each and then incubated
for 1 hour in a humid chamber at room temperature with second-
ary antibody (FITC antimouse, Jackson ImmunoResearch) in the
same way as the primary. The slides were thrice washed with
1X PBS for 5 minutes and allowed to dry in the dark at room tem-
perature. They were mounted in Vectashield supplemented with
DAPI with a glass coverslip. Chromosome spreads were visualized
on a Zeiss Axioskop II mot-plus microscope.

Developmental assays

Genetic isolation of the Y chromosome was performed as previ-
ously described (Paredes and Maggert 2009a). Fifteen to twenty
male and female adults were placed in a plastic collection bottle
(a plastic fly bottle punctured with a 21-gauge needle to provide
air holes) and capped with a 35-mm petri plate containing 1%
agar made with apple juice from frozen concentrate (Treetop).
Females were allowed to lay eggs for 2 days, and then, the plate
was replaced with a fresh plate. Around 50 embryos were col-
lected and transferred to 35-mm petri plates containing cornmeal
molasses agar, covered, and allowed to develop at room tempera-
ture. The plates were analyzed over time, and the developmental
stage of the larvae was noted every day for 5 days; this was re-
peated with several replicate bottles and replicate plates. The
same collection procedure was used to collect first-instar larvae
for genomic DNA isolation and real-time PCR.

18S stability assay

The experimental design is outlined in Fig. 3. For each independ-
ent replicate, 10-20 sibling males and females were allowed to
mate for the indicated time periods in vials at room temperature.
Once F1 progeny reached the third-instar crawling stage for any
vial, the FO adults were transferred to new vials; this was repeated
until the desired time period was reached. At the end of each 1-,
15-, and 30-day period, FO males were isolated and crossed to vir-
gin C(1)DX females. The adult F1 progeny with the genotype of
interest were collected, and genomic DNA was isolated from 10
to 20 flies. As above, 10 ng was used for rDNA quantification.

Photography

For body part photography, adults were selected, disassembled,
immersed in mineral oil, and illuminated using a Super Bright
10 KIm 12-LED flashlight (iVict). Photographs were taken using a
Sony Alpha-III camera attached to a Nikon SMZ 1500 stereoscope.
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Images were cropped and processed for bright/contrast using
Apple Pages.

Results

To understand the requirements for rDNA, the consequences of
retrotranspositional insertion of the rDNA, and the conditions un-
der which rDNA magnifies, we first created otherwise-isogenic Y
chromosomes that differed only in the extent to which they
were deficient for some or all of their 35S rDNA. We began with
a single male bearing Y, Pfy *mPt2 ;BREER _ gypor-PJKV00590
(henceforth “Y, 590” or Y, 590°°*), a Y chromosome possessing a
single P element insertion in cytological band h17 in the proximal
pericentric heterochromatin of the long arm (Konev et al. 2003).

Apart from the presence of the P element, Y, 590 is a natural
chromosome with no rearrangements or polymorphisms detect-
able by cytology (Fig. 1b). This distinguishes Y, 590 and its deriva-
tives from those previously analyzed for rDNA behavior (Y, 10B
and its derivative Y, 10C), which had supernumerary rDNA and
duplications of X sequence (Maggert and Golic 2005; Paredes and
Maggert 2009a). Single Y, 590 chromosomes were sufficient to con-
fer fertility to males and viability and fertility to females of geno-
type C(1)DX, y* f* tDNA®/Y, 590 (C(1)DX, y* f* rDNA® is henceforth,
“C(1)DX"), indicating that Y, 590 is free from any consequential
mutations or defects, including at the rDNA.

Due to position effect variegation (PEV) induced by the hetero-
chromatin of the Y, expression of the P-element-containing yel-
low* and white® genes variegated to an extent that dorsal
cuticular cells expressed ~20 yellow* spots in X/Y males and
eyes expressed a white-variegating phenotype ranging from ~10
ommatidia to ~50% of the eye expressing a white® phenotype
(Fig. 1c). The PEV pattern was generally salt-and-pepper, with oc-
casional clonal patches of pigment (Supplementary Fig. 1). Due to
trans-suppression of PEV by extra Y-linked heterochromatin, an-
euploid females (X/X/Y or C(1)DX/Y/Y) and males (X/Y/Y) were
readily apparent in our experiments, allowing us to easily monitor
chromosome mis-segregation or loss as a result of damage to the
rDNA (Bridges and Brehme 1944; McKee and Karpen 1990; Maggert
2014).

Generation of de novo rrDNA deletion alleles

We first analyzed the rtDNA array on Y, 590, quantifying 18S rRNA
copy number, and the copy numbers of Rl-inserted 28S,
R2-inserted 28S, and uninserted 28S cistrons. Real-time “quantita-
tive” PCR (gPCR) was used to determine crossing threshold using
primers specific for 18S sequence (Fig. 1a, primers 8 and 9), and
the kinetics of amplification were compared to amplification of
the methionyl tRNA genes (tRNAMe"AU) a5 we have done and vali-
dated in the past (Paredes and Maggert 2009a; Guerrero and
Maggert 2011; Aldrich and Maggert 2014). Using this approach,
we estimate that Y, 590 has approximately 130 copies of the 18S
gene. Since the 18S is repeated as a subunit with the 5.85/2S and
28S rRNA subunits, the copy numbers of all three rRNA genes
should be the same. For comparison to our previous work
(Paredes and Maggert 2009a, 2009b; Aldrich and Maggert 2015)
and to the known variation in rDNA copy number within natural
and laboratory strains (Long and Dawid 1980; Lyckegaard and
Clark 1991; Stage and Eickbush 2007; Greil and Ahmad 2012;
Zhou et al. 2012; Lu et al. 2018), we selected five unrelated labora-
tory strains and determined their rDNA and R1/R2 copy numbers
using primers specific for uninserted, R1-inserted, and R2-inserted
28S rRNA genes (Fig. 1a, primers 1-7). Analysis showed that 'Y, 590
is within the range of variation of the rDNA (Fig. 1d), consistent

with our determination that when Y, 590 is the sole source of
rDNA, the organisms do not express a bobbed phenotype, and
the rDNA copy number of Y, 590 is above the previously defined
bobbed-lethal and bobbed-viable thresholds (Paredes and Maggert
2009a).

To create Y, 590 derivative chromosomes that had most or all of
their rDNA deleted, we crossed females bearing a
heat-shock-inducible I-Crel homing endonuclease to males of
genotype y* w®%/Y, 590 (Fig. 2a, b) (y* w®’**? is henceforth “y
w”). Offspring were heat-shocked according to various regimens,
and surviving offspring (I-Crel/y w females and I-Crel/Y, 590 males)
assessed for male and female survival (Supplementary Fig. 2); it
has been previously shown that females are less sensitive to som-
atic rtDNA damage from I-Crel than males, allowing us to use the
male/female ratio or the presence of bobbed males as a proxy
for efficacy of I-Crel expression and the amount of rDNA-linked
DNA damage (Maggert and Golic 2005; Paredes and Maggert
2009a).

There was a clear relationship between heat-shock time (I-Crel
expression) and male survivability. Three regimens produced few
males, but they were sterile (regimens 6, 7, and 8, in red). Instead,
we proceeded with regimen 5 (in yellow), outcrossing the males to
y w females, and establishing individual lines from each sperm
(Fig. 2b). Using this approach, we recovered ten new rDNA dele-
tions (generically referred to as Y, 590%€7atve): one (v, 5905K63P)
expressed a severe bobbed phenotype (as C(1)DX/Y, 5905¥3?P fe.
males) and nine expressed a bobbed-lethal phenotype (as C(1)
DX/Y, SgorDNA—bobbed—lethal females).

Once established, males from each line were crossed to y w to
maintain the strain and to C(1)DX/Y, B° to quantify rDNA loss
using qPCR. C(1)DX/Y, 590"PNA-bobbed-lethal fomale Jarvae were col-
lected, and total genomic DNA was extracted. gPCR analysis con-
firmed loss of rDNA copy number on the Y chromosomes of each
strain, which was consistent with rDNA loss in previously pub-
lished strains from a different parental Y chromosome in terms
of copy number and bobbed/bobbed-lethal phenotypes (Fig. 2c).

Characterization of de novo rDNA alleles

After confirming that we had genetically isolated chromosomes
bearing candidate lethal rDNA alleles, we sought to identify the
developmental stage at which they died from lack of rDNA. We
outcrossed X/Y, 590-derivative males to C(1)DX/Y, B® females:
this cross produced (i) lethal YY embryos (Y, BS/Y, 5909etivative)
(ii) normal XY males (Y, B/X), (iii) triplo-X females (C(1)DX/X),
and (iv) females of genotype C(1)DX/Y, 5909¢"V21Ve that possessed
the Y as the sole source of rDNA. Owing to the extreme variegated
yellow" of the P element of Y, 590, C(1)DX/Y, 5909¢vative and C(1)
DX/X triplo-X females could be distinguished by the yellow +
phenotype of the latter's mouth hooks. Larval stages were identi-
fied by assessing the appearance of anterior spiracles: absent
spiracles were taken as first instar, clubbed spiracles as second in-
star, branched spiracles as early third instar, and everted spiracles
as late third instar, respectively. We observed plentiful male
and triplo-X female larvae which could be identified at first
instar and were seen to continue to develop normally into third
instar. However, the C(1)DX/Y, 590%¢"vatve female larvae emerged
as early first instars and remained developmentally arrested
at this stage for several days before finally dying (Fig. 24, e,
Supplementary Fig. 3).

The growth arrest of the lethal lines as first-instar larvae pre-
cluded our ability to further investigate the rDNA-deficient alleles
genetically or cytologically. We therefore assessed the structure
and morphology of the lethal rDNA deficiencies in males of
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Fig. 2. Generation and analysis of rDNA deletion alleles. a) Heat shock-induced expression of I-Crel meganuclease was used to produce DNA damage at
the rDNA. Genetic crosses were used to genetically isolate each Y chromosome, which were screened for lethality. Subsequent real-time gPCR was used to
quantify rDNA copy number. b) Genetic crosses used to isolate and assess rDNA candidate null alleles. Y, 590 males containing full-length rDNA arrays
(bb*) were crossed to females carrying an I-Crel construct expressed by heat shock (hs-I-Crel). In F1, male progeny from GO were crossed to y w females to
establish individual lines from different Y chromosome-bearing sperm. In F2, males from established strains were crossed to y w to maintain the strain
and to C(1)DX females, which possess no rDNA, to test for lethal or bobbed phenotypes indicative of rDNA deletions. In F3, the individual strains were
maintained, and larvae of genotype DX/Y, 5909¢"Vatve were subject to gPCR rDNA copy number determination. c) Quantification of the progenitor Y, 590,
and deletion derivatives made in this study, and the Y, 10B progenitor and its deletion derivatives from (Paredes and Maggert 2009a; 2009b); copy numbers
are relative to tRNAMAYS, These chromosomes help define the wild-type-to-bobbed and bobbed-to-bobbed-lethal copy number thresholds. Error bars are
standard deviation. d) Lethal-phase analysis of rDNA deletions in this study (see also Supplementary Fig. 3). Genotypes of individuals were C(1)DX/Y,
590derivative Three different genotypes are shown in the horizontal orientation: Y, 590°°* (wild-type control), Y, 5905¥53-°® (bobbed allele), and Y, 590512 P01
(bobbed-lethal allele). The distribution of the expected sibling genotypes is shown in the vertical orientation as first-, second-, and third-instar larvae.
Summary to the right (e) indicates that bobbed-lethal chromosomes (e.g. Y, 5905¥*2"°°L) terminally arrest at first instar. f) Cytology of Y, 590 and derivative
Y, 5905K11PP L reveal no gross aberrations or rearrangements and that the rDNA deletion chromosomes no longer have rDNA detectable by FISH to the 185

rDNA.

genotype y w/Y, 590%¢vatve Upon inspection, the nucleolus or-
ganizing region (NOR)—the cytological locus of the rDNA—of
these chromosomes was unremarkable. We attempted to quan-
tify rtDNA copy number by length measurements of the NOR sec-
ondary constriction of the Y but could detect no statistically
significant correlation between the constriction and gPCR quanti-
fication (Supplementary Fig. 4a, b), leading us to conclude that
physical measurement of the secondary constriction is an insensi-
tive and unreliable method of rfDNA quantification.

We also attempted to measure rDNA copy number by inte-
grated fluorescence of the rDNA using DNA FISH with probes spe-
cific to the 35S rDNA. This approach has been used by others to
monitor rDNA dynamics in single cells (Yadlapalli and
Yamashita 2013). We observed signal mostly on the X-linked
rDNA compared to the Y-linked rDNA in y w/Y, sgpderivative my51ag
and no detectable signal on the Y-linked rDNA of the lethal lines
(Fig. 2f). Thisisin contrast to our gPCR data, which indicated those
chromosomes possess about 20% of the rDNA as does Y, 590. This
discrepancy is likely due to nonlinear and/or nonzero thresholds
for detection using fluorescence for quantification. Although we
could detect population-level differences in average fluorescence
in strains with rDNA loss, the variation of fluorescence within an
individual vastly exceeded differences between individuals with
different YDNA copy numbers (Supplementary Fig. 4c, d). We

therefore conclude that fluorescence quantification is an insensi-
tive and unreliable method of rDNA quantification.

We confirmed that there was not unanticipated contribution
to 'DNA from the C(1)DX chromosome by collecting yellow
female progeny from a cross between C(1)DX/Y, BS females
and X"Y/0 males. The C(1)DX/0 progeny also died as first
instar, and gPCR of the dying larvae had no detectable rDNA
(Supplementary Fig. 5).

Stability of rDNA alleles

Others have reported an intrinsic instability of rDNA copy number
on both X and Y chromosomes, resulting in what Lu et al. (2018)
likened to the “magnification” characterized by Ritossa (1973)
and Hawley and Tartof (1985), although whether the phenomena
are mechanistically related remains unknown (Paredes and
Maggert 2009a). Our laboratory has produced a number of rDNA
deletions—some first published in 2009, some from this study—
and multiple analyses over the course of months or years have
failed to demonstrate any detectable loss or gain in rDNA copy
number by enhancement or suppression of the bobbed pheno-
types or by direct qPCR-based rDNA quantification (Aldrich and
Maggert 2014, 2015). We therefore sought to directly test rDNA
copy number recovery under the same conditions in which it
has been described by Lu et al.
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Fig. 3. Brood analysis of rDNA stability from aging males. a) Scheme to test sperm from 1-, 15-, and 30-day-old males (1, 15, and 30 days, respectively).
Males were co-cultured with sisters until indicated age and then crossed to C(1)DX females, and rDNA copy number was assessed in the soma of the
offspring. We envisioned three possible outcomes (right): stable rDNA copy numbers from progressively older sites, increased variability between
individuals but relatively similar rDNA copy number, or loss of rDNA copy number. b) Three chromosomes (Y, 10B, Y, 183, and Y, 590; Y, 10Band Y, 590 are
bobbed*, and Y, 183 is bobbed) were brooded for 1, 15, and 30 days. rDNA copy numbers were calculated relative to the progeny from the 1-day-old males
(black bars set to 1.0). Statistical test was Student’s t-test. All results showed failure to reject the null hypothesis of equal rDNA copy number. Error bars

are standard deviation.

We crossed C(1)DX/Y, BS females to males bearing one of
three Y chromosomes: Y, 10B (a Y chromosome bearing a full-
length tDNA array, also referred to as Y, 10B°"), Y, 183 (a Y
chromosome with a severe but viable bobbed allele, derived
from Y, 10B, also referred to as Y, 10B*®3"*?), and Y, 590. We per-
formed a brood analysis, sampling sperm from 1-, 15-, and
30-day-old males (Fig. 3a). We crossed individual males to y w
virgin females and collected male offspring 1-2 days after eclo-
sion and divided them into three groups. The first group were
mated to C(1)DX/Y, BS virgins for 5 days. At the end of those 5
days, the adults were discarded and the progeny allowed to de-
velop to adulthood. Female offspring (C(1)DX/Y ¥°U"2") were pro-
cessed for rDNA quantification. The second group of males were

kept housed with their sisters for 15 days, allowing them to
mate ad libidum to continuously diminish stored sperm. After
15 days, the males were transferred to fresh vials with C(1)DX/
Y, B virgins. This second group of males mated for 5 days,
then, all adults were discarded, and again, female offspring
(C(1)DX/y ™iddle-aged”y were processed for rDNA quantification.
The third group were kept housed with their sisters for 30
days, then transferred to new vials with C(1)DX/Y, B, allowed
to mate for 5 days, and discarded, and the female offspring
(C(1)DX/Y™") were processed. We expected one of three out-
comes (Fig. 3a): stable rDNA would result in females with
rDNA copy numbers equal to the parental Y chromosomes, vari-
able rtDNA would result in increased variance with little or no
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overall loss, and decreased rDNA would appear as detectable re-
duction of the average. Lu et al. reported a 25% loss after by 20
days. We detected no statistically significant decrease in rDNA
copy number from any chromosome after any time point
(Fig. 3b).

We also monitored the enhancement or suppression of bobbed
phenotypes, which should occur if rDNA copy number is dynamic
in the germline. Although we see variability in the bobbed pheno-
type of Y, 590, most likely due to its comparably high retrotrans-
poson load, we could detect no obvious trend in -either
enhancement or suppression of the frequency of bobbed offspring
in the other Y chromosomes. As shown in Supplementary Fig. 6,
there was high variability in the number of bobbed flies, but in-
creases were offset by decreases in the number of bobbed, consist-
ent with the well-known variable expressivity of this phenotype.
These results are consistent with our previous work, which
showed no changes in rtDNA copy number apart from a small in-
crease one or two generations after rDNA damage induction by
I-Crel exposure. Stability of the rDNA from one generation to the
next appears the norm.

Analysis of R1 and R2 rDNA-resident
retrotransposable element copy number

R1 and R2 copy numbers and transcriptional dynamics have been
studied extensively in natural and laboratory populations, yet lit-
tle is known about R1 and R2 in rDNA-deficient alleles (Terracol
1987). We quantified R1 and R2 copy numbers by taking advantage
of the specific insertion sites for R1 and R2, irrespective of com-
mon 5 truncations (Fig. 1a).

We quantified total, uninserted, R1-inserted, and R2-inserted
rDNA copy numbers from our Y, 590-derived bobbed and
bobbed-lethal lines (Fig. 4a, b). Total rDNA was reduced, consistent
with the appearance and severity of the bobbed-lethal phenotypes
when these chromosomes were made sole source of rDNA. In
contrast, the copy numbers of R1 and R2 were relatively un-
changed in deletion alleles, even in extreme cases. The reason
for this is unknown, but we consider two possibilities. First,
retrotransposon-inserted rDNA is separated from the uninserted
rDNA, including that the C(1)DX chromosome may bear a separate
array of R1 and R2 insertions. Second, I-Crel has a preference for
uninserted rDNA cistrons; however, itis not clear why that should
be the case. It is known that inserted rDNA cistrons are expressed
(Eickbush et al. 2008), although perhaps not to the same level as
uninserted cistrons (Guerrero and Maggert 2011). Further, the in-
sertion sites for R1 and R2 are some 840 base pairs from the I-Crel
cleavage site, and insertion of retrotransposons does not affect
the core or extended I-Crel consensus. We imagine that I-Crel
cleaves the rDNA sequence multiple times in each rDNA array,
so even inserted rDNA cistrons should be lost as interstitial defi-
ciencies during repair. Nonetheless, our results provide clear
proof that the bobbed phenotype is affected by uninserted, but
not inserted, rDNA cistrons. Note that we could not discriminate
between singly inserted (that is, containing R1 or R2) and doubly
inserted (containing both R1 and R2) cistrons; however, others’
work has indicated that such double inserts are relatively rare
(Ye et al. 2005).

We quantified 18S expression by reverse-transcriptase qPCR
(RT-gPCR) and found that its expression was greatly decreased
in deletions of the rDNA, regardless of the relative stability of R1
and R2 copy number. In fact, expression was directly proportional
to 18S copy number (Fig. 4c). Thus, despite R1 or R2 in the rDNA,
their presence does not strongly affect expression of the rRNAs
from the uninserted copies within the rDNA arrays.

Regulation of R1 and R2 retrotransposable
elements

Tounderstand how R1 expression is influenced by the rDNA array,
we quantified expression in our rDNA deletion alleles. Neither ab-
solute expression of R1 mMRNA nor expression-per-copy of
rDNA-resident R1 retrotransposable elements were significantly
altered (Fig. 4d), suggesting that R1 expression is autonomous
and effectively repressed in all conditions.

In contrast, R2 expression was dramatically increased in the
rDNA deletions (Fig. 4e). In the relatively small deletion expressing
a bobbed phenotype, we observed a 1.77-fold increase in
steady-state R2 mRNA levels; this is despite any co- or posttran-
scriptional degradation of R2 (Eickbush and Eickbush 2015).
In two independent bobbed-lethal strains (C(1)DX/Y, 590,
rDNASKPYL and C(1)DX/Y, 590, rDNASKIOPPL) " expression was
increased about 70-fold. Previous work by Eickbush et al. (2008)
comparing expression between different Y-linked rDNA arrays
identified a correlation between the «clustering of the
R2-containing rDNA and total R2 expression. In that work, the rea-
son for the differences could not be assertively determined as the
Y chromosomes were from different strains. In our study, we can
ascribe derepression of R2 directly to the deletion of uninserted
rDNA copies because the increased expression was a consequence
of rDNA loss from a common single progenitor chromosome. We
interpret these data to mean that the R2 elements, in contrast to
R1, are regulated at least in part by a global mechanism that is
sensitive to uninserted rRNA expression. It is known that R2 ele-
ments are repressed by SUMOylation (Luo et al. 2020), CTCF
(Guerrero and Maggert 2011), and the RNA polymerase [ initiation
complex (Fefelova et al. 2022), but it seems likely that those me-
chanisms of repression are downstream of whatever roles R2 clus-
tering or proximity to uninserted rDNA expression may play (Zhou
and Eickbush 2009).

Analysis of the structure of the rDNA loci

To understand the arrangement of R1- and R2-inserted rDNA in
the X- and Y-linked arrays, we analyzed their localization using
FISH. Probes directed to the 18S hybridized only to the X-linked ar-
ray on our bobbed-lethal Y, 590%¢"29v¢ chromosomes (Fig. 2f), indi-
cating that the lower limit of detection for FISH is the
approximately 20 copies that remain in those strains. In contrast,
both the R1 and R2 probes localized to the X- and Y-linked rDNA
arrays, whether in wild-type or bobbed-lethal strains. Comparing
the wild-type to the bobbed strains, the appearances of R1 and R2
patterns were identical.

The appearance of hybridization allowed us to infer the relative
arrangement of the 18S, R1-inserted, and R2-inserted elements
within the arrays. The R1 signal localized mainly to the distal
X-rDNA-heterochromatin boundary on the long arm, indicating
that within the resolution of FISH, the R1 elements are clustered
into a single locus (Fig. 5a). In incompletely condensed (i.e. early
prometaphase) chromosome spreads, two R2 FISH signals were
evident flanking the rDNA on both the X and Y chromosomes
(Fig. 5b and 5c, respectively).

We found that the distal Y-linked R2 array was dimmer in fluor-
escence than the proximal array. In a few chromosome spreads,
the sister Y chromatids were adequately separated so as to be in-
dependently identifiable. In those cases, it was unusual for the
two sister rDNAs to have the same level of fluorescence, under-
scoring the insensitivity of FISH for quantification. Since these ar-
rays should be identical products of replication, we interpret the
difference to be due to differential probe hybridization, chromatin
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Fig. 4. Analysis of R1 and R2 copy numbers in rDNA deletion alleles. a) Copy numbers of R1 retrotransposable elements in Y chromosome-linked rDNA
arrays from this and a previous study (Paredes and Maggert 2009a) show relative stability of R1 copy number on Y, 590 and its deletion derivatives. Copy
numbers are relative to tRNAM*YC copy number and are reported as fraction of the progenitor Y, 590 or Y, 10B chromosomes. Error bars are standard
deviation. b) Asin (A), but showing data for the R2 retrotransposable element copy numbers. c) Expression of 185, here determined by steady-state rRNA
quantification, is a well-correlated (R? = 0.8868) function of rDNA copy number over a wide range of rDNA copy numbers in y w/Y, 59092 males. d) R1
expression in wild-type (y w/Y, 590) and a severe bobbed-lethal rDNA allele (y w/Y, 5905'""*1 alleles. e) R2 expression in wild-type (y w/Y, 590), a mild bobbed
rDNA allele (y w/Y, 590°¥3"°*1) ‘and two severe bobbed-lethal alleles (y w/Y, 5905¥14°* and y w/Y, 5905¥1°-°b1) alleles.

structure, or some other factors. However, relative fluorescence
between proximal and distal foci was consistent; thus, we believe
that the distal R2 clusters likely contain fewer copies than the
proximal R2 clusters. Alternatively, it is possible that the distal
R2 clusters have a lower degree of homology to the probe, or the
chromatin structure at the distal R2 cluster is less accessible to
in situ hybridization.

The arrangement we see is in good agreement with Eickbush'’s
“domain” model of retrotransposon regulation, in which he posits
that most of the R1- and R2-inserted copies are packaged into the
heterochromatic regions flanking the active uninserted rDNA
(Eickbush et al. 2008) (Fig. 5d), contributing to their silencing.
Our results are also similar to the situation described for the
Chinese silkworm Bombyx mori, where R1 and R2 signals localized
to the heterochromatic flanks of the rtDNA arrays (Pérez-Gonzalez
and Eickbush 2001).

We were surprised to detect intense R1 and R2 signals on the
C(1)DX chromosome (Supplementary Fig. 7), which has been re-
ported (and we confirmed) to be devoid of any active rDNA
(Supplementary Fig. 5). Normally, these two retrotransposons
are thought to be obligate residents of the rDNA, however, no
rDNA was detectable using FISH or qPCR, the C(1)DX chromosome
was never seen to exhibit a secondary constriction, and C(1)DX/0
flies are lethal very early in development owing to rDNA loss.
We therefore conclude that the C(1)DX chromosome contains an
island of R1 and R2 retrotransposon sequences outside of the con-
text of the rDNA. It is not clear whether this is an artifact of the
production of the C(1)DX compound chromosome, whether this
is a vestige of the original X chromosomes from which C(1)DX

was generated, or whether even wild-type chromosomes possess
“free” R1 and R2 elements outside of (but perhaps adjacent to)
the rDNA arrays.

rDNA dominance: secondary constriction and
histone H3.3 incorporation

In most metaphase and anaphase spreads of neuroblasts taken
from third-instar larvae bearing wild-type Y, 590 chromosomes,
the fluorescence signals from the X-linked R2 were very close to-
gether. Although they were discriminable, they had little or no
sign of a constriction between them. We interpreted this to
mean a high degree of condensation of the uninserted rDNA, re-
vealing a generally inactive X-linked rDNA array. However, in
some chromosome spreads it was apparent that the two
X-linked R2 clusters were widely separated. In those cases, the
rDNA had a classic constriction, meaning a reduced width and
staining, and an extended length, at the rDNA locus. The appear-
ance of a constriction is accepted to mean under-condensed chro-
matin as a result of recent or ongoing transcription of rDNA
cistrons. To confirm this interpretation, we employed a histone
H3.3-GFP fusion transgene (Ahmad and Henikoff 2002; Greil and
Ahmad 2012) to preferentially label rDNA arrays in prometaphase
and metaphase that had been expressed in the previous G1 phase.
Despite efforts, we were unable to detect histone H3.3-GFP fluor-
escence in living cells, so instead performed immunofluorescence
to the GFP moiety. Fluorescence decorated the rDNA constrictions
and was concomitant with the separation of R2-containing clus-
ters flanking the X-linked actively expressed rDNA.
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Fig. 5. Structural analyses of rDNA loci using FISH. a) Mitotic neuroblast spreads highlighting the X chromosome in y w/Y, 590, with FISH signal directed at

R1 retrotransposable elements. b) As (a), but FISH signal directed at R2 retrotransposable elements in y w/Y, 59

0%K11-bbL males whose deleted Y-linked

rDNA forces expression of the X-linked rDNA as indicated by the pronounced secondary construction. c) As (b), but FISH signal directed at R2
retrotransposable elements in C(1)DX/Y, 590°°* females whose deleted X-linked rDNA forces expression of the Y-linked rDNA. d) Summary of the results
from (a)-(c), plus other spreads (not shown). The X- and Y-linked rDNA arrays (secondary constrictions) are flanked by R2-rich sequence. Further, the X
chromosome array has a single locus enriched for R1 sequence that lies distally to the distal R2-rich locus.

We interrogated nucleolar dominance relationships in our
bobbed-lethal lines by assessing the degree of secondary constric-
tion formation and histone H3.3-GFP incorporation in y w/Y,
5909ervative males. We scored each mitotic figure for the level of
fluorescence staining on the X- and Y-linked rDNA arrays, sorted
into one of five categories (Supplementary Fig. 8) depending on
whether the expression was exclusive to one chromosome, heav-
ily biased to one array, or comparable between the two. We have
already determined that FISH intensity is an insensitive means of
measuring rDNA copy number, and under that same logic, we
chose a conservative interpretation of histone H3.3-GFP incorpor-
ation (green spots) by grouping exclusive and dominant expres-
sion into the same category. In support of this decision, we saw
positive signal on the X-linked rDNA in most spreads and observed
an overall spectrum of dominance relationships between the X
and Y arrays (Fig. 6a, c).

The X-linked rDNA arrays in males bearing the Y,
590rPNA-bobbed-lethal ohromogomes were consistently constricted
and showed incorporation of histone H3.3-GFP. This indicates
constitutive expression of the X-linked array despite the
otherwise-normal dominance of Y-linked rDNA. In contrast,
males of genotype y w/Y, 590"°NA-boPbed exhibited inconsistent
constriction and histone H3.3-GFP incorporation, indicating that
derepressed X-linked arrays responded to the status of expression
and rRNA output from the Y-linked array. Specifically, we re-
corded a positive correlation between rDNA and histone H3.3-
GFP incorporation on the Y, which we interpret as evidence that
if the Y-linked rDNA has sufficient rDNA for translational de-
mands, itis the preferred array in males. We also recorded a nega-
tive correlation between rDNA copy number on the Y and histone
H3.3-GFP incorporation on the X (Fig. 6b), which we interpret as
evidence that as the Y-linked rDNA array is less capable of supply-
ing necessary rRNAs, the X-linked array becomes active. This was
expected due to the genetically recessive nature of both X- and
Y-bobbed alleles; however, this is the first direct cytological evi-
dence of this switch between Y dominance and X expression in
Y-linked rDNA mutations. Our system of otherwise-isogenic
rDNA deletion alleles allows us to conclude that loss of rDNA on
the Y is causal for this switch. Moreover, the variation in X vus

Y-dominance appeared cell-by-cell within spreads of cells from
single brains, indicating that expression of the X-linked array
was sporadic and reversible, and was not a permanent derepres-
sion caused by structural changes to the X-linked rDNA array, or
due to specific genetic interactions between some X-linked and
Y-linked rDNA arrays.

Although we saw clear bias and switching in our strains, the ac-
tivity at the X-linked rDNA array was very common in all our
strains. This is in contrast to what was reported previously by
Greil and Ahmad (2012) and Warsinger-Pepe et al. (2020), which
showed a stronger Y dominance bias. We presume that the reason
is the structure of the specific X and Y chromosomes used in these
three different laboratories. Greil and Ahmad reported some
strains with permanently altered dominance patterns, yet our re-
sults here show that rDNA copy number loss can erase or bias
dominance. When we analyzed the X and Y bias of the chromo-
somes used by Greil and Ahmad, we recapitulated their observa-
tions (Supplementary Fig. 9). While it seems clear that extended
derepression of an X-linked array by Y-linked rDNA loss can
lead to permanent changes in the chromosome (Paredes and
Maggert 2009a, 2009b; Aldrich and Maggert 2015), we did not de-
tect such a transition in our chromosomes in the relatively short
time frame of this study.

Conditions affecting rDNA magnification

Earlier studies to differentiate between premeiotic and meiotic
magnification employed mutations in genes necessary for DNA
repair and recombination. It was observed that magnification
was prevented in genetic backgrounds with mutations in postre-
plication repair proteins mei41, which encodes a repair kinase,
mus101, which encodes a topoisomerase II-binding protein, and
mus108, which has not been identified but confers mutagen sensi-
tivity and blocks normal meiotic recombination and repair. These
genes are required for DNA repair and for magnification at the
rDNA. It is likely that other DNA repair enzymes are required for
magnification based on the currently accepted consensus model,
which envisions increased DNA damage at the magnifying rDNA,
illicit sister-directed repair, and unequal sister chromatid ex-
change (Komma and Endow 1986; Kindelay and Maggert 2023).
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Fig. 6. Histone H3.3 incorporation at the rDNA loci of rDNA deletion alleles. a) Distribution of nucleolar dominance states in wild-type and derivative
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dominance. Expression of the X-linked rDNA and Y-linked rDNA regresses well with Y-linked rDNA copy number, such thatlow rDNA copy number on the
Y is correlated with X-linked rDNA activity. c) Representative images of X- and Y-linked rDNA expression; lowercase letters refer to genotypes and

dominance categories shown in (a).

We proposed elsewhere that magnification in males occurs
when the normally silent X-linked rDNA array is derepressed
(Kindelay and Maggert 2023). This led us to hypothesize here
that conditions that disrupt “normal” nucleolar dominance, either
by specifically affecting dominance or by generally affecting silen-
cing mechanisms, will lead to increases in magnification. Previous
work has focused on mutant conditions that reduce magnification
by affecting the requisite mechanisms of repair, while our hypoth-
esis predicts some mutant conditions will induce magnification
which, until very recently, has not been observed.

First, we assessed the ability of our bobbed-lethal alleles to mag-
nify in males in which the dominance relationship had been dis-
rupted. For this, we used the co-dominant X chromosome from
Greil and Ahmad’s work—which we call “KX” in this study. We
tested a subset of rDNA alleles that included both the bobbed Y,
10B*#4PPL yDNA allele and the bobbed-lethal Y, 10B*’3-°>"L yDNA al-
lele, as these alleles were expected to give us the best indication of
whether or not magnification was occurring even if the increase
was small or moderate since these alleles never magnify when
made the sole source of rtDNA. In both cases, magnification could
be identified as suppression or complete reversion of the bobbed
phenotype (Fig. 7a). We created KX/Y males, using a known co-
dominant X chromosome (Greil and Ahmad 2012), and crossed
them to C(1)DX/Y, B® females and screened for living female off-
spring, which would be the product of rDNA magnification
(Fig. 7b).

We measured rDNA copy number in C(1)DX/Y, 10B*%4"°L con-
trols (whose fathers did not include the KX), female offspring
that were severely bobbed and were expected to be escapers, and
putative magnified bobbed* females. The first two categories had
rDNA copy number consistent with the original Y, 10B*%4P°L

chromosome, while the bobbed” chromosomes were all magnified
to copy numbers above the bobbed threshold (Fig. 7c, d).
Subsequent outcross confirmed that these were single magnified
Y, YDNA* chromosomes, and not C(1)DX/Y, 10B**+®>Ll/y,
10B*¥* L aneuploids. Notably, we found that some magnified
chromosomes contained more than twice the rDNA complement
of the unmagnified chromosome—this behavior has been noted
before in rDNA magnification (Hawley and Marcus 1989), and its
explanation remains unknown. Similar magnification was seen
on the Y, 10B¥3*"L progenitor chromosome. Because the Y,
10B*3"**L chromosome has never before shown magnification
to wild-type, but the KX chromosome caused it to, we conclude
that disrupted nucleolar dominance is sufficient to induce “mag-
nifying conditions.” This suggested to us that any mutation that
derepresses the silencing of the X should equally induce
magnification.

Next, we tested for magnification in flies bearing heterozygous
mutations in factors known to regulate chromosome pairing and
gene silencing. We crossed Y chromosomes into genetic back-
ground containing mutations in genes establishing cohesin-
dependent silencing—structural maintenance of chromosome 1
(SMC1) and CTCF. SMC1 is a subunit of the cohesin complex and
is a member of the SMC group of proteins essential for chromo-
some stability during replication and segregation during the sub-
sequent anaphase (Dorsett 2019). No magnification was observed
in male flies with the heterozygous genotype y w/Y, 10B*4?> L.
SMC1/+. We also examined heterozygous mutants of CTCF, a chro-
matin insulator with roles in transcriptional activation and re-
pression, which acts through recruitment of cohesin and has
been shown directly to be involved in silencing the rDNA
(Guerrero and Maggert 2011). We could detect no magnification
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Fig. 7. rDNA magnification caused by mutations altering rDNA regulation. a) Adults can express a bobbed phenotype if their rDNA is insufficient for

translational demands (top), and magnification to higher rDNA copy number will revert this phenotype to wild-type (bottom). b) Females of varied genetic
constitution were crossed to males with a Y chromosome to be tested for magnification (Y*). Male progeny with the mutation and Y chromosome were
crossed to females of genotype C(1)DX/Y, and female progeny assessed for bobbed + indicating magnification. c) The KX chromosome was tested for its
ability to magnify the Y, 10B*84** and Y, 10B%73"**"L chromosomes. rDNA copy number data show control Y, 10B, the progenitor of Y, 10B** "L and v,

10B473—bb—L. «

WT” indicates unmagnified chromosomes that were not placed in the presence of the KX chromosome; “bb” indicates chromosome in

progeny that did not exhibit bobbed+; MAG1-5 and MAG1-2 indicate chromosomes isolated from bobbed revertants. The latter category shows
magnification of rDNA copy number. d) Summary table showing the number of revertants from (b), d), and (e). €) As in (c), but with the Su(var)3-9
mutation. f) As in (c) but with the blm/mus309 mutation. Error bars are standard deviation.

iny w/Y, 10B**P>L: CTCF/+ flies, although magnification has been
reported previously using a different CTCF allele (Guerrero 2011).
From both these crosses, we did observe occasional apparent re-
vertants, but subsequent analysis showed them to be Y aneu-
ploids (C(1)DX/Y/Y females) derived from nondisjunction in
male meiosis.

We next tested genes involved in heterochromatin formation
and maintenance, specifically the histone H3 lysine-9 methyl-
transferase encoded by the Su(var)3-9 locus, and the H3K9-
methyl-binding protein encoded by Su(var)205. These genes have
been shown to be necessary for the regulation and integrity of
the nucleolus and organization of the rDNA in numerous studies
(Peng and Karpen 2007) as heterozygous loss-of-function lesions
lead to reduced rDNA copy number in soma and germline (Peng
and Karpen 2007; Paredes and Maggert 2009b; Paredes et al.
2011; Greil and Ahmad 2012; Aldrich and Maggert 2015). The for-
mer has also been established to derepress a silent X-linked
rDNA, disrupting nucleolar dominance. Our Y, 590%°*" hobbed
allele exhibited magnification in Su(var)3-9 heterozygotes, as evi-
denced by the appearance of fully wild-type revertants of bobbed
(Fig. 7d, e). Those offspring were outcrossed to confirm they
were euploid and then by isolation of rDNA from DX/Y,
5905K63-PbIeV females. In this quantitative test, we again detected
>2-fold increase in the rDNA array size. We conclude that these
are bona fide magnification events, though we are cautious to
note that we cannot assertively determine whether the mechan-
ism of magnification here is the same as that seen in nonmutant

conditions (e.g. Hawley and Tartof 1985). In contrast, despite clear
and strong loss of rDNA in Su(var)205 heterozygotes, we could de-
tect no magnification of Y, 590%4° in y w/Y, 10B****>L; sy(var)
205/+ males.

Finally, we investigated mutations in blm, a member of the recQ
family of helicases. Mutations in these genes cause Bloom syn-
drome in humans, which is a rare autosomal recessive disorder
characterized by increased genomic instability and susceptibility
to cancer (Kaur et al. 2021) owing to blm’s requisite role in
homology-directed repair and replication of difficult-to-replicate
DNA. In Drosophila, deficiencies in blm (historically, the mus309 lo-
cus) cause defects in embryogenesis (McVey et al. 2007) and an in-
crease in genome rearrangements involving repetitive sequences
in the genome (Garcia et al. 2011) possibly due to defects in repli-
cation of these regions (Ruchert et al. 2022). In Y, 10B*#4PbL,
bIm™N'/+ males, we detected an increased frequency of rDNA mag-
nification. Again, we confirmed euploidy and quantified the extent
of rDNA magnification using qPCR (Fig. 7d, ).

Discussion

To better understand the biology of the rDNA arrays (rDNA, the lo-
cus of transcription of the 35S rRNAs), we created de novo deletion
alleles that, by themselves, were incapable of suppling sufficient
rRNAs for translational demands. In the sole source of rRNA,
these alleles confer a bobbed phenotype. The alleles of the
Y-linked rDNA array were generated from a single-otherwise
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wild-type chromosome, unrelated to the chromosomes that we
and others have used for previous characterizations (Paredes
and Maggert 2009a, 2009b; Maggert 2014; Watase et al. 2022;
Nelson et al. 2023). Nonetheless, our findings were fully consistent
with the requirements for rDNA to supply ample bobbed* function,
indicating that different Y chromosomes may differ in their rDNA,
R1, and R2 copy number, but the supply of rRNAs follows a simple
linear relationship with the uninserted rDNA copy number. This
appears to be a general property of rDNA as the same correlation
has been described for Caenorhabditis elegans and Arabidopsis thali-
ana (Lopez et al. 2021; Morton et al. 2023). For some organisms, the
correlation was between copy number and growth (Schneeberger
and Cullis 1991; Delany et al. 1994; Su and Delany 1998). We saw no
evidence that any rDNA copy is alone better able to provide neces-
sary rRNAs, indicating that all rRNA genes are essentially equiva-
lent despite some known polymorphisms in rfRNA and regulatory
sequences, although careful analysis of transcription output by
individual cistrons has never been performed despite evidence
for regulatory heterogeneity (Grimaldi et al. 1990).

rDNA requirements in embryogenesis and larval
life

The rDNA deletion alleles generated in this study allowed us to de-
termine the phenotype phases of limited translational capacity. In
organisms with very few (C(1)DX/Y, 5909€7V21v¢) or no (C(1)DX/0)
tDNA, the only translation is by maternally supplied free
or ribosome-bound rRNAs. Surprisingly, we found that such
rDNA™! Drosophila could complete embryogenesis. However,
rDNA™"! larvae were unable to then initiate or complete their first
larval molt, so they died days after hatching as unnaturally old
first-instar larvae. Death of rDNA™"! larvae was progressive over
the course of our experiments, with under-representation of
rDNA™! first instars evident on the first day after hatching, and
numbers dwindling for the next 3-4 days of our experiments.
We suggest that this variance in lifespan may be due to variance
in TRNA loading into different eggs, though this has yet to be
tested.

We also generated C(1)DX/Y, 10B*">®L which has very little
rDNA—about 35% of the amount needed for full viability and fer-
tility (Paredes and Maggert 2009a). Female larvae were able to
complete both larval molts, making it to third instar. However,
they were smaller than their wild-type siblings and died as third in-
star unable to initiate metamorphosis.

With our work, we can now define four thresholds of bobbed
mutants. We define 100% rDNA as the “wild-type” minimum neces-
sary for full viability and fertility in intact organisms, and full cell
viability, such that we can detect neither developmental delays,
truncated/bobbed bristles, nor cuticular herniations. Below this
amount, we observe herniated cuticles and truncated bristles, de-
fining the “wild-type-to-bobbed” threshold. Fewer rDNA, about 80-
85% of the wild-type amount, causes under-representation, ex-
treme cuticular defects (including exposed hypoderm), and death,
defining the “bobbed-to-bobbed-lethal” threshold. These two thresh-
olds were known from classical work on the rDNA, defined by ours
and others’ previous work (Tartof 1973; Terracol 1987), and reca-
pitulated in this current study. Still less rDNA, approximately
35%, is required for viability, specifically for metamorphosis at
the end of the third larval instar, defining the “metamorphosis-
bobbed” threshold. Finally, less than this amount of rfDNA causes
a developmental arrest at first instar, defining the “molt-bobbed”
threshold. This last threshold appears to be the lowest threshold
affected by rDNA copy number, because complete ablation of
rDNA (in a C(1)DX/0 organism) behaves identically. These

thresholds are defined in females of genotype C(1)DX/0 or C(1)
DX/Y, rDNA9ton 1t therefore does not appear that the
non-rDNA portions of the Y chromosome affect these thresholds.
As yet we cannot determine whether these thresholds are the
same in males as in females; we have no indication they would
not be.

Stability of the rDNA

We and others have reported conditions in which rDNA copy num-
ber is unstable, including under dietary stress and activation of
the insulin/insulin-like pathway (Aldrich and Maggert 2015), in
mutants affecting heterochromatin-induced gene silencing at
the rDNA (Paredes and Maggert 2009b), and in cultured (Xu et al.
2017) and biopsied (Valori et al. 2020) cancer cells. However, others
(Lu et al. 2018) have reported a dramatic instability at the rDNA,
which they characterize as premeiotic loss in aging germline
stem cells, early zygotic recovery, early germline re-loss, mature
germline stem cell re-recovery, and then another round of age-
dependent loss. In this work, investigators propose this multipha-
sic loss-and-gain cycle as the reason for the known variation in
rDNA copy number in wild populations (Long and Dawid 1980;
Lyckegaard and Clarke 1991). However, this remarkable level of
generation-to-generation instability in wild-type flies in normal
conditions was unexpected for three reasons. First, old bobbed al-
leles, some dating back over 100 years (Bridges and Brehme 1944)
and including those used in current studies, have been remark-
ably stable in terms of phenotype and rDNA copy number. A cor-
ollary to this is the evident stability generation-to-generation in
recently identified or created strains. Second, analysis of the
rDNA from the 1960s through the 1990s did not report instability
or age effects, despite focusing on rDNA copy number and condi-
tions under which they may change. Stability is evident in exten-
sive molecular characterization of individual rDNA cistrons that
had been molecularly tagged with P elements (Bianciardi et al.
2012) or with natural retrotranspositional insertions (Zhou and
Eickbush 2009). Third, our own work has not detected any age ef-
fects at the Y-linked rDNA using multiple Y chromosomes (Aldrich
and Maggert 2015; Susamcl et al., in preparation). In this present
study, we directly assessed loss of rDNA in the same conditions
under which it has been recently reported (Lu et al. 2018). We could
detect no changes in uninserted copy number based on qPCR
quantification or the appearance of bobbed offspring.

To reconcile these disparate observations, we suggest that
the assays used in studies that report dramatic instability
(Lu et al. 2018)—mostly nucleoli that are “deformed” or have
“atypical morphology”—are poor proxies for rDNA copy num-
ber. To wit, we compared fluorescence intensity-based copy
number determination with PCR-based ones and found very
little correlation; the variation within the former is simply
too high to be a reliable metric. Rather, we expect that the
“loss” described by others is due to developmental changes
to nucleolar morphology, a function of both developmental
stage and age, that affect FISH, chromatin compaction, nucle-
olar size, or the like. It is formally possible that some strains
are susceptible to rapid losses and gains, while others are
not; however, we find no evidence for this. How Y-specific in-
stability of the rDNA can be reconciled with proposed mechan-
istic models of loss and gain, or with models of population
dynamics, is not clear.

In progressively aged male flies, we detected losses and gains of
the retrotransposons R1 and R2 (Supplementary Fig. 10a, b, c).
However, the unstable R1s and R2s appear to be lost from extra
rDNA arrays and so do not represent loss of bona fide rRNA
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sequence that alter translational capacity. Likely, the source of
the lost R1s and R2s is the blocks of elements flanking the rDNA
rather than the rDNA itself, which would explain the observed sta-
bility of the rRNA-producing rDNA cistrons. We are investigating
the reason for R1 and R2 loss, but analysis is complicated by the
extra tDNA R1 and R2 on the C(1)DX chromosome, whose stability
dynamics are yet unexplored.

R1 and R2 regulation by the rDNA

We used new rDNA deletion alleles in conjunction with alleles
generated in a previous study and found a clear linear relation-
ship between the copy number of rDNA and the steady-state le-
vel of rRNA in those organisms. The evidence therefore suggests
that rRNAs are produced constantly and uniformly from all un-
inserted rDNA cistrons. Further, that rRNA expression is not
subject to compensatory over-expression when rDNA copy
number is reduced, arguing that feedback mechanisms to pro-
duce constant rRNA from varied sizes of rDNA arrays do not ex-
ist. Rather, robustness in ribosome number is accomplished
through relatively high degradation of rRNAs during processing
and the extremely long half-life of the rRNAs packaged into ri-
bosomes. We imagine that all uninserted rDNA copies are con-
stitutive and not subject to alteration of transcriptional
output. This is a different situation from yeast, where altered
elongation rates can compensate for lower rDNA copy number
(Schneider et al. 2007), yet it is consistent with work in C. elegans
in which some phenotypes exhibit genetic interactions with the
rDNA, suggesting that natural variation of the rDNA impacts
global translational capacity (Morton et al. 2023). To our knowl-
edge, in Drosophila, the only phenotype known to genetically
interact with the rDNA is heterochromatin-induced gene silen-
cing (PEV) (Paredes and Maggert 2009b; Larson et al. 2012; Zhou
etal. 2012); however, cataloged changes in mRNA levels certain-
ly leave open the possibility for yet undiscovered phenotypic
variation mapping to rDNA copy number variation (Bughio
and Maggert 2019).

We also found that the amount of R1 expression is relatively
constant between full-length rDNA arrays and very short rtDNA ar-
rays, even in extreme deletions of the rDNA where the number of
R1 elements does not change much. This fits with our cytological
observation that detectable R1 elements are clustered at the distal
flank of the rDNA array in a way that make them robust to loss or
expression. We interpret this to mean that the R1-inserted rDNA
cistrons are all independently repressed by some mechanism
that is insensitive to uninserted rDNA copy number or expression
or that the R1 elements are sequestered into a structure that glo-
bally represses their expression.

In contrast, expression of the R2 retrotransposons is very sensi-
tive to uninserted rDNA copy number, such that R2 expression in-
creases as rDNA copy number decreases. The reason for thisis less
clear, since the R2 elements also cluster by FISH analysis, though
they flank the rDNA constrictions of the X and Y chromosomes ra-
ther than being limited to just one side. Hence, the idea that R2
elements are independently repressed by sequence-specific DNA
binding repressors is less tenable than the counter-proposal
(made by Eickbush et al.; Zhou et al. 2013) that the R2 elements
areregulated by clustering. How the R1s and R2s have evolved dif-
ferent mechanisms of regulation is not clear, yet our analysis of
rDNA deletions clearly underscores different mechanisms at
play. Nonetheless, we detect that uninserted rDNA, R1-inserted
rDNA, and R2-inserted rDNA are all subject to fundamentally dif-
ferent modes of regulation.

Regulation of nucleolar dominance

Nucleolar dominance was discovered in interspecific hybrids and
manifests as the production of rRNA from one of multiple rDNA ar-
rays, while the other rDNA arrays are silent. Greil and Ahmad were
the first to show that a dominance-like relationship occurs in wild-
type D. melanogaster, where the X-linked array is inactive in males
and the entire pool of rRNA derives from the Y-linked array. They
found certain chromosome pairs that did not obey this dominance
relationship and instead acted co-dominantly, indicating control of
dominance by both cis-acting and trans-acting factors. Later work
by Warsinger-Pepe et al. (2020) probed the developmental control
of the phases of dominance. Neither study identified the features
of dominant or co-dominant chromosomes that enforced or main-
tained the dominance relationship, and Greil and Ahmad argued
against a simple measurement of tDNA copy number as the control-
ling factor using a series of Y chromosomes of different origins.

We found that our full-length Y chromosomes are dominant or
heavily biased in their expression so that most rRNAs in males de-
rive from the Y-linked rDNA array. However, because our deletion
alleles are derived from a single “bottlenecked” Y chromosome, we
can definitively conclude that as the rDNA is lost, the bias
switches from Y- to X-linked arrays. Hence, in our experiments,
the amount of rRNA derived from the X chromosome is controlled
by the Y chromosome’s adequacy.

We monitored histone H3.3-GFP incorporation and the formation
of secondary constrictions as indicators of TfDNA expression. In X/Y
male neuroblasts, most individual immunofluorescence images
showed Y-linked expression. In males with shorter tDNA arrays, we
observed an increase in the fraction of mitotic spreads with X-linked
rDNA expression, although there remained some mitotic chromosome
spreads with silent X-linked rDNA arrays. This indicates that the Y'is
constitutively expressed, even if it is unable to supply sufficient
rRNA, and further than the X chromosome vacillates between silenced
and expressed, depending on the needs of the cell. In other words, a de-
leted Y-linked rDNA array causes the X-linked array to turn on more
often, but expression is still repressed a subset of the time.

How the X-linked rDNA continually or repeatedly senses and
reacts to rfRNA concentration in a cell is a major question that
arises from our work. But our work also provides a clue: we noted
that the strength of the dominance relationship is correlated with
the number of R1 and R2 insertions. Loss of the rDNA in the dele-
tion alleles generated from Y, 10B causes a derepression of the X,
but the strength of the derepression response was less pro-
nounced in the Y, 590-derived rDNA alleles. This latter chromo-
some has many more copies of R1 and R2 than does Y, 10B,
which we propose makes it less sensitive to loss of dominance.
Further, the strongest dominance relationship we observed was
exhibited by the Y chromosome first characterized by Greil and
Ahmad, and as predicted, we found that this chromosome has a
very high load of R1 and R2 retrotransposon insertions.

Taken together, we conclude that uninserted Y-linked rDNA cis-
trons repress resident R2 elements. As the uninserted/R2-inserted
rDNA ratio drops, as it does in our deletion alleles, we observe a de-
repression of the R2 and a derepression of the X-linked arrays. The
possibility that derepression of the X-linked rDNA array is controlled
by both uninserted and R1-/R2-inserted rDNA copy numbers can rec-
oncile ours and Greil and Ahmad’s opposite observations. It is hard
not to imagine that these events—uninserted rDNA expression and
retrotransposon repression, both mediated by heterochromatin—
are not related. The mechanism for dominance may be as simple
as a translationally limited production of some heterochromatin-
critical protein. This simple model would also account for the known
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(Paredes and Maggert 2009b) and verified (Larson et al. 2012; Zhou
et al. 2012) connection between rDNA copy number and suppression
of heterochromatin-induced gene silencing. We failed to find evi-
dence to support this hypothesis (Paredes 2011), though the defect
may be subtle enough, or broadly distributed enough (Paredes et al.
2011), so as to avoid easy detection.

Magnification of the rDNA—what is a
“magnifying” condition?

rDNA magnification in Drosophila has a long and complex history.
Three things stand out from this seminal and classic work. First,
the rate of magnification is relatively low. Second, not all chromo-
some combinations are subject to magnification. Third, no mu-
tant conditions were identified that increased the rate of
magnification. What also stands out is that the conditions under
which magnification occurred—bobbed alleles in combinations
that heavily biased expression—match the conditions we find
here to be those that disrupt a dominance relationship between
X- and Y-linked rDNA arrays. Although the bulk of previous re-
search was conducted on X-linked rDNA arrays in females, exam-
ples of Y-linked magnification were known. From our results, we
predict that those magnifying Y chromosomes did not exhibit nu-
cleolar dominance. In fact, we hypothesize that any condition that
disrupts nucleolar dominance will induce magnification. In our
experiments here, we showed that disruptions of chromosome
pairing (e.g. SMC1 and CTCF) did not induce magnification appre-
ciably; however, defects in heterochromatin-induced gene silen-
cing did. Our results are consistent with those of Greil and
Ahmad, who showed that Su(var)3-9 mutants disrupted domin-
ance. They also found that “tempering” a chromosome by long-
time exposure to Su(var)3-9 mutation altered the chromosomes
so that they persistently lacked dominance even in the absence
of the Su(var)3-9 mutation. We do not yet know what change to
the Y chromosome was induced by tempering, but we note that
those tempered chromosomes have an altered uninserted/
R2-inserted rDNA ratio, as our hypothesis predicts.

This hypothesis also predicts a coincidence of magnification
and R2 expression. Simply stated, losing uninserted rDNA alters
the uninserted/R2-inserted rDNA ratio (derepressing the R2 ele-
ments) and derepresses the heterologous rDNA array (inducing
magnification); these phenomena usually overlap, but do not ne-
cessarily. The coincidence of R2 expression and magnification has
been noted before, though they had concluded that R2 expression
was not alone sufficient for magnification. However, R2 expres-
sion has recently been proposed to be causal in magnification
(Nelson et al. 2023). Is it, or is it not? Perhaps the explanation is
not R2 expression per se, but rather the effect of R2 expression
on derepression of the X-linked rDNA. In recent studies, altering
R2 expression (by siRNA-dependent heterochromatin formation)
may repress the rtDNA arrays and thus alter the dominance rela-
tionship. Much mechanistic work remains to be done; however,
our results suggest a unification of previously disparate properties
of the rDNA. Repression of the retrotransposons within the rDNA
is desirable, and the mechanism by which it occurs causes a nu-
cleolar dominance relationship. Disruption of this condition frees
retrotransposon expression, induces retrotransposition, causes
DNA damage, and results in rDNA magnification.
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