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Abstract

Understanding the evolution and regulation of nucleolar organizing regions (NORs)
is important to elucidate genome structure and function. This is because ribosomal
gene (rDNA) copy number and activity mediate protein biosynthesis, stress response,
ageing, disease, dosage compensation and genome stability. Here, we found con-
trasting dosage compensation of sex-linked NORs in turtles with male and female
heterogamety. Most taxa examined exhibit homomorphic rRNA gene clusters in a
single autosome pair (determined by 28S rDNA fluorescence in situ hybridization),
whereas NORs are sex-linked in Apalone spinifera, Pelodiscus sinensis and Staurotypus
triporcatus. Full-dosage compensation upregulates the male X-NOR (determined via
silver staining—AgNOR) in Staurotypus (who lacks Y-NOR) compared with female X-
AgNORs. In softshell Apalone and Pelodiscus, who share homologous ZZ/ZW micro-
chromosomes, their enlarged W-NOR is partially active (due to 28S rDNA invasion
by R2 retroelements), whereas their smaller Z-NOR is silent in females but active in
both male-Zs (presumably because the W-NOR meets cellular demands and exces-
sive NOR activity is costly). We hypothesize that R2 disruption favoured W enlarge-
ment to add intact 28S-units, perhaps facilitated by reduced recombination during
sex chromosome evolution. The molecular basis of the potentially adaptive female Z-
silencing is likely intricate and perhaps epigenetic, as non-ribosomal Z genes are active
in Apalone females. Yet, Emydura maquarii exhibit identical heteromorphism in their
autosomal NOR (R2 invaded 28S-units and the small-autosome NOR is silent), sug-
gesting that the softshell turtle pattern can evolve independent of sex chromosome
evolution. Our study illuminates the complex sex chromosome evolution and dosage

compensation of non-model systems that challenges classic paradigms.
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1 | INTRODUCTION

The nucleolus is a nuclear organelle unbound by membranes where
ribosomal RNA is produced and ribosomes are assembled, helping
set cellular metabolism. Furthermore, the association between nu-
cleolar function and stress response, development and ageing is in-
creasingly recognized (Tiku & Antebi, 2018). Expression of 18S, 5.85
and 28S ribosomal subunit genes located in the nucleolar organiz-
ing region (NOR) of the genome (Shaw & McKeown, 2011) initiates
ribosomal biogenesis needed for protein synthesis, and the meta-
bolic and cell growth demands are met by both rDNA copy number
and activity (Lawrence & Pikaard, 2004; Shaw & Doonan, 2005).
Therefore, itis important to understand the evolution and functional
consequences of rRNA gene copy number variation within NORs
observed among individuals, chromosomes, and species (Britton-
Davidian et al., 2012; Literman et al., 2014). Indeed, some genomes
contain a single NOR locus, as is common in reptiles, amphibians and
fish (Gornung, 2013; King et al., 1990; Montiel et al., 2016; Olmo
& Signorino, 2005; Schmid & Steinlein, 2015), whereas other taxa
possess multiple NOR loci, including mammals and birds (Barbosa
et al., 2013; Britton-Davidian et al., 2012; Farley et al., 2015; Rocha
& Delucca, 1988; Supanuam et al., 2012).

Because not all of the NOR loci may be transcriptionally active
(Farley et al., 2015) detection methods are noteworthy (Bickham &
Rogers, 1985). NORs have been identified by (1) secondary constric-
tions of chromosomes (an unreliable technique because not all sec-
ondary constrictions harbour NORs) (Bickham & Rogers, 1985; King
et al., 1990; Montiel et al., 2016; Prieto & McStay, 2008); (2) silver
staining (AgNOR) of transcriptionally active NORs (Goodpasture &
Bloom, 1975) (since Ag reacts with proteins associated with rDNA
activity; Howell, 1977); and by (3) rDNA fluorescence in situ hybrid-
ization (rDNA FISH, e.g. using 18S or 28S rDNA probes) which iden-
tifies transcriptionally active and inactive NORs (Leitch et al., 1992;
Weisenberger & Scheer, 1995). In vertebrates, NORs change chromo-
somal location across lineages during evolution (Odierna et al., 1987),
and may be present in autosomes (e.g. Odierna et al., 1987; Rocha &
Delucca, 1988) or sex chromosomes, as occurs in some turtles (e.g.
Badenhorst et al., 2013; Bickham & Rogers, 1985; Kawai et al., 2007;
Montiel et al., 2016; Sites et al., 1979; Supanuam et al., 2012).

Consequently, sex-linked NORs may be affected differently by
the idiosyncratic molecular evolution characteristic of sex chromo-
somes compared to autosomal NORs, such as mutation accumula-
tion and dosage compensation that influence other sex-linked loci
(Bachtrog et al., 2011). Indeed, reduced recombination during sex
chromosome evolution (XX/XY or ZZ/ZW) can cause loss of Y or
W genes (Charlesworth, 1996), leading XX females to carry twice as
many copies of X genes as XY males (similarly for ZZ males compared
with ZW females). While less common, the differentiation of sex
chromosomes may lead to the accumulation of repeat DNA or gene
duplications in the heterogametic sex chromosome, causing its ex-
pansion instead of its attrition (Kratochvil et al., 2021). Dosage com-
pensation mechanisms (DCMs) evolved that alter gene regulation
and equilibrate protein levels affected by gene dosage imbalance

between sex chromosomes and autosomes (Chandler, 2017; Gu
& Walters, 2017; Lucchesi, 1978; Ohno, 1967). This is called sex-
chromosome dosage compensation (SCDC). But dosage compen-
sation per se is not a process unique to sex chromosomes. Indeed,
dosage-sensitive genes in autosomes that suffer altered copy num-
ber due to duplication or deletion of small regions or whole chro-
mosomes (e.g. aneuploidy, trisomy) may also undergo compensatory
adjustments (autosomal dosage compensation—ADC) to ameliorate
suboptimal phenotypes (Disteche, 2016).

Here, we examine rDNA cluster activity in several turtle ge-
nomes, emphasizing taxa whose NORs are sex-linked and suffer
gene dose imbalance between the sexes. Namely, the Mexican giant
musk turtle Staurotypus triporcatus displays male heterogamety
(XX/XY) with X-linked NORs but lacks Y-linked NORs (Montiel
et al., 2016; Sites et al., 1979). Thus, females carry a double dose
of rRNA genes compared with males, a condition that should be
typically compensated to equalize gene activity. Additionally, the
softshell turtle Apalone spinifera, exhibits female heterogamety (ZZ/
ZW) with greatly expanded W-NOR clusters compared with the Z-
NORs (Badenhorst et al., 2013), likely due to reduced recombination,
such that ZW females carry on average four times as many copies of
rRNA genes than ZZ males (Literman et al., 2014).

Enlargement of the heterogametic sex chromosome has been
observed in other vertebrates and can result from the expansion
of rDNA sequences or other repetitive elements (Cioffi et al., 2010;
Martinez et al., 2008; Matsubara et al., 2014; Nanda et al., 2000).
Indeed, NORs host R2 retroelements, the oldest known mobile ele-
ment, which arose during the origin of metazoans and is widely dis-
tributed among animals (Kojima et al., 2016). R2 inserts itself at a
specific site of the 285 rRNA gene, invading R2-free units viaan RNA
intermediary (Eickbush & Eickbush, 2015). Although R2 function is
unclear, its density in the rRNA locus is linked to NOR inactivation
and pseudogenization of the invaded units, suggesting that R2 in-
fluences NOR dynamics (Eickbush et al., 2008; Zhou et al., 2012,
2013). Importantly, because increased copy number of functional
genes can also alter the stoichiometry between sex-linked and auto-
somal genes, it is expected that expanded sex chromosomes should
select for dosage compensation. Such balance is expected between
ribosomal genes and genes functionally associated with the nucleo-
lus (Gibbons et al., 2014). Additionally, a balance between the NOR
locus (which encodes the 18S, 5.8S and 28S ribosomal subunits) and
the 5S rRNA locus located outside the NOR is also expected, be-
cause all four rRNAs are essential for the structural and catalytic
integrity of the ribosomes (Gibbons et al., 2015), which has led to
compensatory adjustments or concerted evolution in various eu-
karyotes (Disteche, 2016; Gibbons et al., 2015).

Here, we present AgNOR data for 13 turtle species, 7 of which lack
AgNOR information altogether, and contrast these data with previous
reports using 185 rDNA FISH (Montiel et al., 2016). AgNOR is a well-
established proxy of rDNA transcription (Krzyzanowska et al., 2015).
We then use AgNOR data to test for chromosome-specific and sex-
specific activity of sex-linked NORs in turtles with contrasting het-
erogamety (A. spinifera—ZZ/ZW, Pelodiscus sinensis—ZZ/ZW, and
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S. triporcatus—XX/XY) to test whether ribosomal DNA is subject
to gene dosage compensation in turtles. We also examine the co-
distribution of R2 retrotrasposons in these taxa to test whether rDNA
silencing by R2 retrotransposons may mediate the rDNA activity mea-
sured by silver staining. Ours is the first chromosomal mapping of R2
retroelements in chelonians. Our combined results reveal the exis-
tence of rDNA dosage compensation by male-X upregulation in XX/XY
turtles, and by female-Z-rDNA silencing in ZZ/ZW turtles. Additionally,
the dynamics of NOR evolution and NOR expression in ZZ/ZW tur-
tles correlate with of R2-mediated rDNA silencing. Our data support
the hypothesis that alternative dosage compensation mechanisms for
rDNA are utilized in chelonians with contrasting heterogamety. Our
results also reveal some unanticipated commonality in the mechanisms
of rDNA regulation in turtles with Z/W-NORs and autosomal NORs,
illuminating their potential evolutionary origin. Our study expands the
breath of the known diversity and evolution of dosage compensation
in eukaryotes.

2 | MATERIALS AND METHODS
2.1 | Cellculture

Primary fibroblast cell cultures were established from embry-
onic and hatchling muscle tissue following standard procedures
(Badenhorst et al., 2013; Lee et al., 2019; Montiel et al., 2016) for
13 target turtle species (A. spinifera—ASP, Glyptemys insculpta—GIN,
Sternotherus odoratus—SOD, Carettochelys insculpta—CIN, Emydura
macquarii—-EMA, Chelodina oblonga—COB, Pelomedusa subrufa—
PSU, P. sinensis—PSI, S. triporcatus—STR, Chrysemys picta—PI,
Trachemys scripta—TSC, Chelydra serpentina—CSE, Podocnemis
unifilis—PUN) and correspond to specimens studied previously
(Montiel et al., 2016). Hereafter, species will be referred to by their
genus name or 3-letter acronym. For species with sex-linked NORs
(Apalone, Pelodiscus, and Staurotypus), at least one male and one fe-
male were examined. Four hours prior to harvesting, 10 pg/ml colce-
mid (Karyo-MAX®; Invitrogen) was added to the cultures, and cells
were harvested after hypotonic exposure (20min at 29°C in 10 ml
of a solution of 0.034M KCI and 0.007 M sodium citrate) and then
fixed in 3:1 methanol:acetic acid following standard procedures
(Badenhorst et al., 2013; Ezaz et al., 2006; Martinez et al., 2008).
To obtain interphase nuclei and metaphase chromosome prepara-
tions, cell suspensions were dropped onto glass slides and air-dried.
The sex of hatchlings was diagnosed by gross gonadal morphology,
whereas the sex of Apalone embryos was diagnosed via PCR amplifi-
cation of sex-linked markers (Literman et al., 2017), a simpler method
than by qPCR of rDNA repeats (Literman et al., 2014).

2.2 | Silver staining

Silver staining was used to identify transcriptionally active NORs
(Howell & Black, 1980). Briefly, 50% AgNO, solution and 2% gelatin
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developer (1:1 proportion) were dropped onto the chromosome
slides and covered with cover slips. Slides were incubated for 8 min
at 53°C, then washed with water and dried. A minimum of 25 inter-

phase nuclei were analysed per sex and species.

2.3 | Interphase nucleoli quantification

For species with sex-linked NORs (Apalone, Pelodiscus, and
Staurotypus), the area of the nucleus and nucleolus was measured in
arbitrary units using ImageJ (version 1.48) and data (Table S1) were
analysed following (Montiel et al., 2012). Briefly, four variables were
measured for each cell: (a) nucleus area, (b) nucleolus area, (c) the
ratio of nucleolus area to nucleus area and (d) number of nucleoli,
parameters that are well-known surrogates of rDNA transcription
(Krzyzanowska et al., 2015 and references therein). Each vari-
able was tested for differences between sexes within species using
Welch's t-test for continuous variables (nucleus area, nucleolus area
and their ratio) and Chi-square test for discrete variable (number of
nucleoli), in R (v3.3.2) (R Core Development Team, 2016). Because
additional Apalone specimens were available, four adult females, two
adult males, plus four male and four female embryos incubated at
26°C were added to this analysis.

2.4 | Novel FISH of 28S rDNA, 18S rDNA and R2-
transposon DNA

New FISHdatawerecollectedtoconfirmthe presence ofasinglerDNA
cluster in the genomes of species with sexually dimorphic or hetero-
morphic NORs (Apalone, Pelodiscus, Staurotypus and Emydura) follow-
ing Montiel et al. (2016). A previously designed turtle-specific probe
for the 18S rRNA gene (Montiel et al., 2016), and a newly designed
turtle-specific probe for the 28S rRNA gene were amplified in each
species using primers: 18SF: 5" GACCCTGTAATTGGAATGAGTAC,
18SR: 5" GTTCATTATCGGAATTAACCAGAC, 28SF: 5' ATGAATGG
ATGAACGAGATTC, 28SR: 5' CAACGCTTGGTGAATTCTG. The
distribution of R2 element population in these genomes was exam-
ined with FISH using an R2 probe obtained by PCR amplification
with primers designed in conserved regions of the Chrysemys picta
R2 element: R2_CPB_F: 5" GGCTCCGGGTCCTGAC, R2_CPB_R: 5'
CGAGTCACTGAGCATGACCA.

All probes were amplified from genomic DNA (gDNA) by PCR
in a 25-pl reaction containing 20-100ng gDNA, 2.5 pl Taq buffer
(10x), 0.75 pl MgCl, (50mM), 2 ul dNTPS (2.5mM), 1 pl of each for-
ward and reverse primer (10 pM) and 0.5 pl Taq polymerase (5 U/
ul), and dH,0. Cycling parameters included initial denaturation at
94°C for 3 min followed by 25cycles of: 94°C for 45s, 54°C for
45s and 72°C for 50s and a final extension of 72°C for 10 min.
PCR products were labelled by PCR with biotin or digoxingenin
dUTPs (Roche) in a 25pl reaction as described above, where the
dNTPs mix consisted of 1dATP:1dCTP:1dGTP:1/2 dTTP. FISH was
performed following Badenhorst et al. (2013). Images were taken
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with a Photometrics CoolSnap ES2 Digital Monochrome camera
attached to an Olympus BX41 fluorescence microscope and an-
alysed using CytoVision® cytogenetic analysis system (Applied
Imaging/Genetix).

3 | RESULTS

3.1 | Turtles possess a single NOR locus that is
heteromorphic mostly when sex-linked

Our new 28S rDNA FISH data (Figure 1, Figure S1) confirmed ob-
servations using 18S FISH (Montiel et al., 2016) that most taxa
examined carry a unique cluster of rDNA in a single pair of auto-
somes. Exceptions are Staurotypus (who has an X-linked NOR but
lacks a Y-linked NOR), the softshell turtles Apalone and Pelodiscus
(whose W-NOR is much larger than the Z-NOR) (Figure 1), and
Emydura (Figure 2) whose rDNA clusters display a strikingly similar

heteromorphism in size between the two homologues of a pair of
micro-autosomes, as that observed in softshell turtles between the
Z and W (Figure 1).

3.2 | NORs are equally active when they are
homomorphic but not when they are heteromorphic

AgNOR staining revealed similar NOR activity in both autosomal hom-
ologues in all taxa with homomorphic NORs (Figure S2, except S2j).
However, heteromorphic rDNA clusters display differential activity
that varied by species. Specifically, AgNORs were detected in both Zs
in Apalone and Pelodiscus males, but only the W- (and not the Z-NOR,
which is detectable by rDNA FISH) is silver-stained in females (Figure 3),
indicating full Z-NOR silencing in females. Moreover, silver staining in
softshell females covers only a portion of the W-rDNA cluster identi-
fied by rDNA FISH (Figure 2), revealing further regulation of rDNA ac-
tivity by partial W-NOR silencing. Intriguingly, Emydura displayed silver

FIGURE 1 rDNA cluster mapping using 185 RNA gene probe (green) and 285 RNA gene (red) in Apalone female (a) and male (c), Pelodiscus
female (e) and male (g) and Staurotypus female (i) and male (k). Pseudo-yellow indicates colocalization of green (18S) and red (28S) probes.
Additionally, silver-stained interphase nuclei are included from Apalone (b, d), Pelodiscus (f, h) and Staurotypus (j, 1). Boxes contain the enlarged
sex chromosomes from each spread. F = female, M = male. Scale bar = 10 pm
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FIGURE 2 FISH using R2 element
probe (green) and 285 RNA gene (red)

in Apalone spinifera female (a), Pelodiscus
sinensis female (c) and Emydura macquarii
(e). Enlarged image of W chromosome

of Apalone (b) and Pelodiscus (d), and

the autosome carrying the larger NOR

of Emydura (f) showing DAPI staining,
hybridization signal of R2 element, 28S
RNA gene and both probe signals merged.
White boxes contain silver-stained W
chromosomes and larger-NOR autosome
for comparison between active NOR
position and R2 population. White arrows
denote low R2 hybridization signal in
rDNA cluster while black arrows denote
the active fraction of the rDNA cluster.
Scale bar = 10 pm

staining only in part of the rDNA cluster on the larger NOR-carrying
micro-autosome (Figure S2j), revealing identical heteromorphic silenc-
ing pattern to female softshell turtles. Additionally, equal-sized AgNORs
were present in both X chromosomes in Staurotypus females (Figure 3e),
whereas males, who lack Y-linked NORs (Montiel et al., 2016) (Figure 1),
displayed an X-AgNOR twice as large compared female X-NORs, reveal-
ing the likely upregulation of male X-NOR (Figure 3f).

3.3 | Quantitative differences exist between
homologous chromosomes in sex-linked NOR activity

Staining interphase nucleoli permitted quantifying differences in

NOR activity between homologous chromosomes in species with

JournaL of Evolutionary Biology

28S  Ag-staining

Ag-staining

28S  Ag-staining

sex-linked NORs. First, nucleoli provided quantitative evidence of
differential X-rDNA activity between Staurotypus male and female
cells. Specifically, because Y-NORs are absent, Staurotypus females
carry double the rRNA gene copies than males as evidenced by
rDNA FISH (Figure 1), which correlated with a greater number of nu-
cleoli by cell (p <0.0001), larger nucleus area (p = 0.0037) (Table 1)
and larger nucleolus area (p = 0.0272) than male cells. However, the
ratio of the nucleolus area to nucleus area was similar between the
sexes (p = 0.3191) (Table 1). This result indicates similar expression
of rRNA genes between the sexes relative to nucleus area, revealing
dosage compensation of rDNA cluster genes via X-rDNA upregula-
tion in Staurotypus males.

Second, in Apalone the W-rDNA cluster is significantly larger
than the Z-rDNA cluster (Figure 1e-h) such that ZW females carry
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more copies of rRNA genes on average than ZZ males. Consistently,
Apalone female cells showed larger nucleoli area (p = 0.0426), al-
though nuclear area was smaller in females than males (p = 0.0340)
(Table 1). Indeed, the ratio of nucleolus-to-nucleus area was similar
between the sexes in Apalone (p = 0.1924) revealing female dosage
compensation of rRNA genes even without female Z-NOR activity
(Z-AgNOR is absent in females—Figure 3). Among-individual vari-
ation in rDNA activity was detected in Apalone within sexes, and
embryonic rDNA activity was higher on average than in adults, con-
sistent with higher metabolic demands (Figure 4).

Third, Pelodiscus heteromorphic micro sex chromosomes are
homologous and similar in shape to Apalone's (Figure 2; Badenhorst
etal., 2013), and their W-rDNA cluster is much larger than the Z-linked

cluster (Figure 1i-l), and correlates with larger nuclear area in female
than male cells (p <0.0001). Yet, the ratio of the nucleolus area to
nucleus area was smaller in the available Pelodiscus female than in the
male (p <0.0001), and no difference was detected in the number of
nucleoli per cell nor in the nucleolus area (Table 1). These results imply
substantial silencing of W-rDNA genes in this female beyond Z-rDNA
silencing (AgNOR is also absent in Pelodiscus female-Z; Figure 3).

3.4 | R2distribution correlates with rDNA silencing

To investigate possible causes of the limited W-rDNA expression in
Apalone and Pelodiscus females, we examined the distribution of R2
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TABLE 1 Differences between sexes of number of nucleoli, nucleus area and nucleolus area in Staurotypus triporcatus, Apalone spinifera

and Pelodiscus sinensis.

Males Females
Mean+SD Mean+SD
S. triporcatus
No. of nucleoli per cell 1.00 +£0.00 1.80+£0.40
Nucleus area (AU) 1.13 +0.33 1.40 +0.30
Nucleolus area (AU) 0.09 +£0.02 0.11 +0.03
Nucleolus/Nucleus area 0.08 +0.02 0.08 +0.02
A. spinifera
No. of nucleoli per cell 1.23+0.43 1.16 +0.37
Nucleus area (AU) 1.49 +0.47 1.21 +0.24
Nucleolus area (AU) 0.03 +0.01 0.04 +0.01
Nucleolus/Nucleus area 0.02 +0.01 0.02 +0.01
P. sinensis
No. of nucleoli per cell 1.39 +0.50 1.19 +0.40
Nucleus area (AU) 1.01 +0.34 1.57 +0.38
Nucleolus area (AU) 0.04 +0.01 0.03+0.01
Nucleolus/Nucleus area 0.03 +£0.01 0.02 +0.01

Note: Bold font indicates significant sex differences.
Abbreviations: AU, arbitrary units; F/M, female/male ratio.
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FIGURE 4 Ratio of nucleolus area to nucleus area in Apalone spinifera adults and embryos (a) and differences between stages and sexes

(b). NS, not significant; **p <0.01; ***p <0.001

transposable elements since R2 modulates rDNA expression in other
taxa (Eickbush et al., 2008; Zhou et al., 2012, 2013). Because R2 ele-
ments target the 28S rRNA units specifically, R2 and 28S colocali-
zation was tested by double FISH using species-specific R2 and 28S
DNA probes obtained by PCR (Figure 2). Both probes hybridized on
the sex chromosomes of Apalone and Pelodiscus, but R2 signals cover
only part of the W-NOR while the 28S rRNA gene region was more
expanded. Furthermore, the W-NOR portion densely populated by
R2 coincided with the rDNA portions that fail to silver-stain, while
the W-NOR regions depauperate of R2 (Figure 2b,d) are those

transcriptionally active as determined by silver staining (AgNOR),
thus revealing the potential R2-mediated silencing of W-rDNA in tri-
onychid turtles.

We used the same approach in Emydura to test if R2 was also as-
sociated with the expanded 28S cluster observed in the NOR-carrying
micro-autosome pair and found that the R2 probe hybridized mostly
in the larger NOR, although some signal was detected in the smaller
NOR (Figure 2e). Like in Apalone and Pelodiscus, low-R2 regions in the
larger NOR-carrying autosome co-localized with the transcriptional
active NOR identified by silver-staining AgNOR (Figure 2f).
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4 | DISCUSSION

Understanding the evolution and regulation of the NOR is fundamen-
tal to elucidate how nucleoli evolve to supply the metabolic demands
of the cell (Kurata et al., 1978), and how nucleolar function affects
stress response, development and ageing (Tiku & Antebi, 2018).
Additionally, growing recognition exists about the diversity of sex
chromosome dosage compensation in eukaryotes and its evolution
in species with male and female heterogamety. Where XY males
or ZW females solve the challenge of X(or Z)-to-autosomes gene
dose imbalance via dosage compensation mechanisms that equal-
ize the activity of X- or Z-linked and autosomal genes, leading often
to a balanced expression between the sexes (Gu & Walters, 2017).
Expression of rRNA genes is associated with dosage compensation
in some animals such as Xenopus laevis and Drosophila melanogaster
(Barr & Esper, 1963; Miller & Gurdon, 1970; Semionov & Kirov, 1986;
Tartof, 1971).

Here, we uncovered sexually dimorphic size and activity of turtle
sex-linked NORs, which undergo contrasting dosage compensation
in XX/XY versus ZZ/ZW systems as discussed below, mediated by
retroelements in one but not the other, and adding to the complexity
of sex chromosome dosage compensation reported in turtles (Bista
etal., 2021).

4.1 | NOR activity is evolutionarily labile in turtles

All turtle species examined possess a single NOR locus as deter-
mined by rDNA FISH, located on both homeologs of a pair of auto-
somes in all but 3 of the 13 target taxa (Figure 2, Figure S1; Montiel
et al., 2016): Glyptemys, Sternotherus, Carettochelys, Chelodina,
Pelomedusa, Chrysemys, Trachemys, Chelydra, Podocnemis and
Emydura. In contrast, the NOR is sex-linked in Apalone, Pelodiscus and
Staurotypus (Figure 1; Badenhorst et al., 2013; Montiel et al., 2016).
Sex linkage of NORs is not unique to turtles, but observed in several
other reptiles, mammals, amphibians and fish (Abramyan et al., 2009;
Born & Bertollo, 2000; Goodpasture & Bloom, 1975; Hsu et al., 1975;
Porter et al., 1994; Schmid et al., 1983, 1993; Takehana et al., 2012;
Wiley, 2003), and in some invertebrates (e.g. Monti et al., 2011;
Montiel et al., 2012).

Sex-linked NORs in turtles are dimorphic in size or presence/
absence (Figure 1), but heteromorphism is not an exclusive trait of
sex-linked NORs. Indeed, size heteromorphism of rDNA clusters was
also observed by rDNA FISH in Emydura and Chelodina, whose NORs
are harboured by micro-autosomes (Figure 2, Figure S2; Montiel
et al., 2016). In contrast, autosomal rDNA cluster in the other tur-
tles examined were homomorphic. NOR activity as determined by
silver staining (AgNORs) here varied among species in association
with their level of heteromorphism in gene copy number, such that
both homologues of autosomal NORs that are homomorphic in size
exhibited equal activity within cells, as is commonly found across
several turtle families (Bickham & Rogers, 1985), whereas taxa with
heteromorphic rDNA clusters exhibited heteromorphic activity, but

this heteromorphism varied (Figure 3 and Figure S2). AgNOR heter-
omorphism was reported also in Cuora ambionensis whose NOR is
located in a small macro-autosome (Bickham & Rogers, 1985), but no
FISH data exist to determine whether this corresponds with differ-
ences in ribosomal gene copy number.

4.2 | Sex-chromosome dosage
compensation of rDNA in X-linked NORs of
Staurotypus via X upregulation in males

The simpler case was observed in Staurotypus whose X-NOR is
hemizygous in males as they lack a Y-NOR (Figure 1k; Montiel
et al., 2016), and the X-NOR in males is twice as active in males than
in females. This was evidenced by similar nucleolus-to-nucleus ratio
in both sexes, and by the larger AgNOR in the male X compared
with females (Figure 3e,f), which was detected also in the congener
S. salvinii (Bickham & Rogers, 1985; Sites et al., 1979). The upregula-
tion of X-rDNA cluster genes in Staurotypus males compared with
females suggest a dosage compensation mechanism by X-NOR up-
regulation in males similar to that observed in Drosophila (Mukherjee
& Beermann, 1965) and other animals with X-limited NORs such as
wallabies and gnats (Dacunha et al., 1994; Dhaliwal et al., 1988),
but not in others such as some frogs (Schmid et al., 1986; Schmid
& Steinlein, 2003). Further research is needed to test whether the
Staurotypus X-rRNA gene upregulation we observed in males is local
and affects only some X-linked genes and not others as occurs in
Apalone (Bista et al., 2021), or whether it is a global mechanism of
dosage compensation that impacts all X-linked genes in Staurotypus
as it does in other XX/XY animals beyond Drosophila, such as
Caenorhabditis elegans and mammals (Gu & Walters, 2017). Our
observations underscore the notion that rRNA genes are dosage-
sensitive, and that cellular demands must be met by either sufficient
copies of rRNA genes, or by their increased activity when fewer than
a threshold number of copies are available.

Loss of a NOR by a deletion mutation in one homologue of the
chromosomal pair harbouring them may explain the evolutionary origin
of the absence of Y-NORs observed in Staurotypus, as occurs in other
turtles. Indeed, a single NOR was detected in one individual examined
of the TSD turtle Kinosternon subrubrum, and in one out of four individ-
uals studied of the XX/XY turtle Siebenrockiella crassicollis whose NORs
are autosomal (Bickham & Rogers, 1985). Alternatively, the lack of Y-
NOR in Staurotypus may be the result of Y degeneration that character-
izes the evolutionary dynamics of sex chromosomes often (Bachtrog
et al., 2011), but not always (Kratochvil et al., 2021). However, the
absence of Y-NOR is consistent with the hypothesis that the acrocen-
tric Y, which is homologous to the third group-B pair of several other
turtles, represents the ancestral condition, and that the X is the derived
sex chromosome (Sites et al., 1979). This derived X would have arisen
by the translocation of the NOR to the X (and not the Y) as occurred
in Hyla femoralis (Wiley, 2003), plus additional heterochromatin, which
formed the short X arm in the genus Staurotypus (Sites et al., 1979).
Further research is needed to fully test these alternatives.
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4.3 | Complex dosage compensation of rDNA in
Apalone and Pelodiscus by full Z-NOR shut-off and
partial W-NOR silencing in females

In contrast to Staurotypus, the pattern observed in softshell turtles is
much more intricate. In Apalone the W-rDNA cluster is significantly
larger than the Z-rDNA cluster (Figure 1a,c; Badenhorst et al., 2013;
Kawai et al., 2007) such that on average, ZW females possess four
times more copies of rRNA genes than ZZ males, as determined by
qPCR (Literman et al., 2014). Likewise, the size of Pelodiscus W-rDNA
cluster far exceeds the Z-NOR size in females (Figure 1e,g). Since
rRNA genes require an expression balance with regulatory genes
that associate with the nucleolus for the proper structure and func-
tion of the ribosomes (Gibbons et al., 2014), sex chromosome dif-
ferentiation via W expansion instead of attrition of the NOR clusters
poses a challenge to that balance that requires a compensatory ad-
justment. Thus, it is not surprising that the female Z-NOR in both
species is completely silenced, that is, females lack AgNOR in the
Z (Figure 3a,c; Kawai et al., 2007). However, it is unclear how the
female Z-NOR becomes inactive, although epigenetic mechanisms
of rRNA regulation may play a role as demonstrated in other eu-
karyotes (Gibbons et al., 2014; Lawrence & Pikaard, 2004; Parks
et al.,, 2018). Because rRNA gene copy number mediates rRNA activ-
ity (Grummt, 2003; Montiel et al., 2012), the observations in soft-
shell turtles support the hypothesis that the W, but not the single
Z, carries sufficient rRNA gene copies to meet the cellular demands
(which is evidenced also by the similar nucleolus-to-nucleus ratio
in both sexes detected here in adults), and that activating both the
Z-NOR and W-NOR might be excessive and costly, suggesting that
silencing the female Z-NOR could be adaptive. This is particularly in-
triguing, because non-ribosomal Z-linked genes that are hemizygous
in Apalone females (i.e. lack W-gametologs) are trascribed (Bista
et al., 2021), such that Z-rDNA silencing reveals the existence of a
more nuanced gene-specific and sex-limited dosage compensating
mechanism in softshell turtles than previously anticipated. Whether
the potentially adaptive Z-NOR silencing might be driven by an au-
tosomal female trans-regulator as proposed by a novel model of sex
chromosome evolution (Lenormand & Roze, 2022) remains to be
tested.

But this does not explain the expansion of the W-NOR, which in-
stead, appears driven by the invasion of the W-NOR by the R2 retro-
element (Figure 2b,d). The similarity of the pattern of R2 distribution
and expansion of the W in both softshell turtles indicates that it is
ancestral to trionychids. In both taxa, R2 appears to disrupt the host
28S units it invades, silencing them (Eickbush & Eickbush, 2015),
such that the W-NOR activity (AgNOR) was restricted to the 28S
units uninterrupted by R2 (Figure 2b,d). Thus, we hypothesize that
as copies of the 285 became non-functional by R2 disruption, selec-
tion may have favoured the addition of new intact 28S copies that
extended the size of the W, perhaps aided by the reduced recombi-
nation characteristic of sex chromosomes.

The accumulation of transposable elements in sex chromosomes

is well documented across the animal, plant and fungi kingdoms
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(Sliwinska et al., 2016), leading sometimes to the expansion of the
heterogametic chromosome (Y or W), including in frogs, birds, lizards
and turtles (Gunski et al., 2019; Matsubara et al., 2013, 2015; Schmid
etal., 2002). Further, retroelements are known to be involved in gene
dosage compensation in mammals and Drosophila (Chow et al., 2010;
Matyunina et al., 2008) as they silence adjacent genes in sex chro-
mosomes (Gdula et al., 1996; Steinemann & Steinemann, 2005). Our
R2 data from Apalone and Pelodiscus represent the first evidence
suggesting that the same may be true for rDNA genes in turtles, a
clade whose sex chromosome evolution is receiving growing atten-
tion (Bista & Valenzuela, 2020).

Consistently with observations in turtles, a large body of work
has uncovered variability in the number of the rRNA gene copies
that compose the NOR clusters among individuals and species
across eukaryotes (Long & Dawid, 1980; Prokopowich et al., 2003).
And understanding the evolution of this variability in NOR size is
critical to decipher genome evolution because rRNA genes act as
heterochromatic factors, and their copy number affects genome-
wide gene expression (driving certain sex-biased diseases (Silkaitis
& Lemos, 2014)), and this influence is exerted by both active and in-
active rDNA copies that were considered superfluous until recently
(Paredes et al., 2011). Thus, stabilizing selection may prevent the
excessive expansion or contraction of the NOR so as to maintain
genome stability (Paredes et al., 2011).

44 | Autosome dosage compensation of rDNA
in Emydura by full inactivation of the small-NOR
homologue and partial silencing of the large-NOR

The case of Emydura is particularly intriguing because the micro-
autosome pair carrying the NOR in the individual examined is re-
markably similar to the sexually dimorphic Z/W-NOR system in
Apalone and Pelodiscus, with one of the micro-chromosomes con-
taining an enlarged NOR and the other autosome in this pair con-
taining a much smaller NOR. This heteromorphism was undetected
in previous cytogenetic examinations of this species (Martinez
et al., 2008; Matsubara et al., 2015). And just like in softshell tur-
tles, only the autosome carrying the larger NOR is active (AgNOR)
while the homologue carrying the smaller NOR is completely silent
(lacks AgNOR). Since autosomes also undergo dosage compensa-
tion (Disteche, 2016), this finding in Emydura strengthens the notion
that maintaining a coherent expression between ribosomal genes
and other genes functionally associated with the nucleolus is es-
sential for ribosome biogenesis (Gibbons et al., 2014) and thus likely
exerts strong selection for compensatory adjustments irrespective
of whether NORs are sex-linked or not. Furthermore, not all rRNA
gene copies in Emydura are active but only those where the R2 ret-
roelement does not colocalize (Figure 2f). Thus, the mechanism we
hypothesize as mediating the pattern of activity of the NOR in soft-
shell turtles is not exclusive to sex-linked NORs and may evolve in-
dependent of the evolution of sex chromosomes. But whether such
a heteromorphism may have originated in a pair of autosomes in
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softshell turtles as in Emydura and might have facilitated the evolu-
tion of the ZZ/ZW sex chromosome system in trionychids remains a

mystery for future testing.

5 | CONCLUSION

Here, we uncover evidence for the first time that dosage compen-
sation for sex-linked rDNA genes exists in turtles, a lineage that
holds a critical key to illuminating the evolution of vertebrate sex
determination and the consequences of sex chromosome evolu-
tion. Turtles they possess XX/XY and ZZ/ZW systems of genotypic
sex determination (GSD) that evolved independently and repeat-
edly from an ancestral temperature-dependent sex determination
(Sabath et al., 2016; Valenzuela & Adams, 2011). The mechanism
of dosage compensation for rDNA varied among turtle taxa with
contrasting sex chromosome systems and included rDNA upregula-
tion in XX/XY Staurotypus, and rDNA silencing in ZZ/ZW Apalone
and Pelodiscus. We also uncovered partial rDNA cluster silencing
in W chromosomes potentially mediated by R2 retrotransposons,
the expansion of which appears associated with the evolution of
heteromorphic sex chromosomes in softshell turtles, but whose di-
morphism could have arisen in a pair of autosomes that was then
co-opted as sex chromosomes in trionychids, as observed in the
autosomes of a chelid turtle. Our findings show that sex chromo-
some differentiation in the form of expansion and not just attrition
can generate an imbalance for dose-sensitive genes such as rRNA
genes, and can select for compensatory adjustments via Z-NOR si-
lencing and additional mechanisms that are yet unknown in turtles.
Our study revealed a rich diversity of ribosomal gene organization
in turtles, the evolution of which warrants further research and
promises to illuminate the evolution of eukaryote genomes. Results
expand the breath of the known diversity and evolution of dosage
compensation in eukaryotes and add to the complexity of sex chro-
mosome evolution that challenges the classic paradigm (Kratochvil
et al., 2021; Lenormand & Roze, 2022).
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