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Significance

Our work outlines an innovative 
approach to chromosome 
engineering that allowed a 
single-step relocation of over 1 
megabase of DNA using CRISPR 
on a fused megachromosome in 
yeast. We deployed this 
technology to manipulate the 
position of the rDNA locus in an 
unprecedented configuration, 
wherein “twin” loci coexist on the 
same chromosomal arm, that 
reveals: i) exquisite rRNA 
homeostasis, unperturbed by the 
rDNA gene surplus, ii) dependency 
of rDNA-array stability on 
chromosome position, where 
their differential decay suggests 
an evolutionary preference for a 
centromere-proximal locus, and 
iii) that they form a single 
nucleolus. Overall, our work sheds 
light on the structural evolution of 
rDNA loci and provides tools to 
study the rDNA dosage effect on 
cellular metabolism.
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Two differentially stable rDNA loci coexist on the same 
chromosome and form a single nucleolus
Luciana Lazar-Stefanitaa,b , Jingchuan Luoa,b,1, Max A. B. Haasea,b,c, Weimin Zhanga,b, and Jef D. Boekea,b,d,2
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The nucleolus is the most prominent membraneless compartment within the nucleus—
dedicated to the metabolism of ribosomal RNA. Nucleoli are composed of hundreds of 
ribosomal DNA (rDNA) repeated genes that form large chromosomal clusters, whose 
high recombination rates can cause nucleolar dysfunction and promote genome instabil-
ity. Intriguingly, the evolving architecture of eukaryotic genomes appears to have favored 
two strategic rDNA locations—where a single locus per chromosome is situated either 
near the centromere (CEN) or the telomere. Here, we deployed an innovative genome 
engineering approach to cut and paste to an ectopic chromosomal location—the ~1.5 
mega-base rDNA locus in a single step using CRISPR technology. This “megablock” 
rDNA engineering was performed in a fused-karyotype strain of Saccharomyces cere-
visiae. The strategic repositioning of this locus within the megachromosome allowed 
experimentally mimicking and monitoring the outcome of an rDNA migratory event, 
in which twin rDNA loci coexist on the same chromosomal arm. We showed that the 
twin-rDNA yeast readily adapts, exhibiting wild-type growth and maintaining rRNA 
homeostasis, and that the twin loci form a single nucleolus throughout the cell cycle. 
Unexpectedly, the size of each rDNA array appears to depend on its position relative 
to the CEN, in that the locus that is CEN-distal undergoes size reduction at a higher 
frequency compared to the CEN-proximal counterpart. Finally, we provided molecu-
lar evidence supporting a mechanism called paralogous cis-rDNA interference, which 
potentially explains why placing two identical repeated arrays on the same chromosome 
may negatively affect their function and structural stability.

megablock chromosome engineering | Hi-C maps | cis duplicated rDNA loci | nucleolus

The most abundant genes in cells are those encoding ribosomal RNA (rRNA), usually 
arranged as a series of tandem repeats that include transcriptional units for rRNAs spaced 
by nontranscribed sequences (1–3). As rRNAs are the structural components of ribosomes, 
they represent the most abundant RNA molecules in most organisms, accounting for 60 
to 70% of cellular transcripts, e.g., 105/yeast cell (4) and 106-7/animal cell (5).

In eukaryotes, rRNA transcription and ribosome assembly take place in a membraneless 
organelle that occupies a substantial proportion of the cell nucleus, namely the nucleolus 
(6, 7). The incongruous features of the nucleolus—such as rapid molecular turnover and 
phase-separation–like dynamics, yet maintenance of a coherent shape—are reconciled by 
two distinct but complementary models: namely liquid–liquid phase separation 
(LLPS) (5, 8) and polymer–polymer phase separation (PPPS) (9), the latter of which 
proposes that rRNA and associated proteins self-organize into membraneless condensates 
based on intrinsic biophysical properties (10, 11). Moreover, the structure and activity of 
the nucleolus are features that are highly dynamic throughout cell division, as is evident 
in eukaryotes with open mitosis in which nucleolar breakdown and transcriptional shut-
down are concomitant with entry into mitosis (12, 13). The nucleoli assemble around 
distinct chromosomal clusters/loci, gathering hundreds of tandemly repeated riboso-
malDNA (rDNA) genes that largely exceed the number of units needed for survival. 
Indeed, typically, only ~50% of the rDNA genes are actively transcribed while the remain-
der are kept inactive, an equilibrium that can be tuned by altering the total copy number 
of ribosomal genes at this locus (14, 15). Therefore, a high rRNA level—correlated with 
growth rate in many microbes (16)—can be achieved not only by boosting transcription 
but also by rDNA copy number expansion (17–19). Given their repetitive nature and the 
high demand for rRNA transcripts, the rDNA loci are among the most unstable genome 
structures (20, 21). Their instability relies on a repeat-mediated homologous recombina-
tion mechanism that requires both rDNA replication (17, 18) and transcriptional processes 
(19, 22), which often lead to clonal variation in the repeat number and size of the locus.

Cyto-taxonomic studies, based on the widespread usage of fluorescence in situ hybridi-
zation, enabled mapping of rDNA loci on chromosomes of thousands of species. The 
number and position of these loci, each containing hundreds of tandem repeats, were D
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compiled and used for in silico analyses of their evolving structure 
in plants (23) and animals (24). Collectively, these studies revealed 
that most taxa have genomes with multiple rDNA loci, with an 
average number of only three to four loci per diploid genome, 
indicating that most organisms tend to maintain a moderately low 
number of loci. In plants, locus number was positively correlated 
with genome size, whereas in animals, no such correlation was 
observed. Surprisingly, although rDNA loci were identified at 
nearly any chromosomal position, they prevalently appear either 
pericentromeric or peritelomeric [in >75% of karyotypes (24)]. 
Genome-wide studies in mammals (25) and yeasts (26) provided 
evidence to support the hypothesis that rDNA arrays have changed 
their chromosomal position multiple times during evolution: in 
almost every case, the native array disappeared entirely from the 
ancestral site, leaving behind a small “intergenic scar” (26).

These insights hint at two potential aspects of rDNA evolution: 
i) a common ancestral mechanism through which this locus 
migrates within genomes and ii) a potentially deleterious effect 
associated with more than a single rDNA locus per chromosome 
arm (25, 26). Regarding the first hypothesis, we can only speculate 
that recombination between nonhomologous sequences and “non-
reciprocal crossover” between repeats (27–29) may be responsible 
for the relocation of rDNA and its size, respectively. Here, we 
address the second hypothesis by monitoring the effects of a rDNA 
migration event in which the entire native megabase rDNA array 
was transplanted to an ectopic intrachromosomal location through 
a cut-and-paste mechanism.

Results

In budding yeast, such as Saccharomyces cerevisiae, the RDN1 locus 
is approximately a 1.5-Mb region that contains 150 to 200 copies 
of a 9.1-kb unit and accounts for ~10% of the entire yeast genome 
(30). Each repeat encodes four genes: 5.8S, 25S, 18S, and 5S 
rRNAs transcribed by RNA polymerase I and III (15, 31). The 
entire array exists in single copy on the right arm of chromosome 
XII, located roughly 300 kb from CEN12 and ~600 kb from 
TEL12R (2, 32), and forms a single crescent-shaped nucleolus 
apposed to the nuclear envelope (33) (Fig. 1A). Here, we built 
yeast strains with multiple rDNA loci by mating haploid strains 
carrying a single locus on heterologous (nonhomologous) chro-
mosomes (chr XII and chr III) (34) followed by the sporulation 
(name of induced gametogenesis in yeast) of the resulting diploid. 
This allowed the isolation of a haploid strain carrying two rDNA 
clusters on heterologous chromosomes, whose size was validated 
through pulsed-field gel electrophoresis (PFGE) (SI Appendix, 
Fig. S1A). Fluorescent microscopy of the nucleolus showed 
that this strain displays a single nucleolar compartment 
(Fig. 1B and SI Appendix, Fig. S1B) and confirmed the work of 
Hult et al. (35) on a rDNA array split on two distinct chromo-
somes. These results led us to conclude that yeast (like many other 
eukaryotes) can readily adapt to live with multiple rDNA loci on 
different chromosomes. However, it leaves unanswered the ques-
tion of whether the yeast genome can be engineered with mul-
timegabase rDNA loci coexisting on the same chromosome.

rDNA Megablock Engineering: One-Step Transplantation of a 
Megabase Locus to a Target Position. To answer the above question, 
we used a karyotype-engineered yeast strain carrying three megabase-
sized chromosomes (n = 3; with chromosomes A, B, and C) that 
have been previously generated through sequential subtelomere 
fusion events of the sixteen wild-type (WT) chromosomes (36). 
These genome reengineering steps gave rise to megachromosome C 
(5.5 Mb-long), that resulted in a dramatic change in the position 

of the rDNA locus relative to the nearest active centromere (CEN) 
(left drawing in Fig. 1C, the black arrowhead points to the rDNA 
distal position). Precisely stated, on chr C, the rDNA-CEN distance 
increased ninefold relative to the WT distance, reaching up to 
~2.7 Mb, whereas its native position relative to the nearest (right 
arm) telomere (TEL) remained unchanged. Not only this “passive” 
migration of the locus to a distal location did not affect growth 
[see JL411 strain generated by Luo et al. (36)], but it also provided 
a chromosomal arm long enough to allow for an insertion of a 
second CEN-proximal locus in cis (right drawing in Fig. 1C, the 
black arrowhead points at the rDNA proximal position). Here, we 
developed a variation of the CRISPR-Cas9 editing approach to 
engineer megachromosomes that we call ‘megablock engineering’ 
(Fig.  1C  and Methods), in which a megabase-sized segment of a 
chromosome is moved to a target location, potentially anywhere in 
the genome. Megablock engineering deploys two CRISPR guide 
RNAs that cut at the boundaries of the genomic DNA “block” 
to be relocated, and a third guide cutting at the target location. 
Additionally, three “linker DNAs” are provided: one that joins 
the native rDNA locus flanking ends together and two that join 
the left and right junctions of the target locus to the ends of the 
megablock (Fig. 1C). In this case, the entire megabase long rDNA 
locus was removed from its native CEN-distal location and relocated 
2 Mb closer to the CEN of chr C (essentially a “cut, paste, and 
repair” approach). This extremely aggressive genome engineering 
maneuver was surprisingly efficient, with 6/41 colonies score by PCR 
genotyping showing evidence of successful megablock engineering. 
Hi-C was used to structurally validate the rDNA locus transplantation 
(Fig. 1D, black arrowheads point at the rDNA boundaries). One 
such strain (JL665), with CEN proximal rDNA, was then used for 
further analyses and experiments. Of note, the orientation of the 
transplanted rDNA array relative to the chromosome anatomy was 
maintained to ensure locus directionality (e.g., rDNA replication 
and transcription orientation occur TEL-to-CEN in both the JL665 
strain and its JL411 parent with CEN proximal and distal rDNA loci, 
respectively). Successively, by mating “parental” and “transplanted” 
strains, with either CEN-distal or CEN-proximal rDNA, respectively, 
we generated a heterozygous diploid with two loci asymmetrically 
positioned on each homolog of megachromosome C. Finally, haploids 
with duplicated rDNA loci in cis were isolated by sporulation of 
this diploid strain and their integration junctions were PCR verified 
(SI Appendix, Fig. S1 C and D).

Effects of rDNA Duplication on Fitness. Whole-genome 
sequencing validated the duplication of the rDNA locus in the 
haploid strains (LS71 with twin rDNA loci) by estimating twice 
as many rDNA-mapping reads in 2xrDNA/chrC (Fig.  2A). 
Importantly, the newly formed rDNA junction sequences were 
confirmed and no chromosomal abnormalities, potentially caused 
by recombination events between the two colinear loci, were 
detected (SI Appendix, Fig. S2A). Not only did the 2xrDNA isolates 
lack obvious fitness defects (Fig. 2B and SI Appendix, Fig. S2B), but 
they rapidly adapted to the excess of rDNA repeats by fine-tuning 
the rRNA levels (Fig. 2C and SI Appendix, Fig. S2 C and D). In 
addition, a small number of genes were differentially expressed 
in the 2xrDNA vs. 1xrDNA strains when grown to mid/late log 
phase (Fig. 2D and Dataset S2) and represented a nonrandom 
coherent set of genes, and distinct from the DEGs found between 
the two parent strains with 1xrDNA (SI  Appendix, Fig.  S2E). 
Notably, genes involved in the metabolism of glucose and metal 
transport were down-regulated (HXT1, CTR1, SIT1, FRE1), 
whereas phosphate starvation-induced genes were up-regulated 
(PHO84, PHO5) in cells with 2xrDNA loci. Previous published 
work by Ju and Warner (37) reported that the transcription of D
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ribosomal RNA precursors appears to be down-regulated even 
before yeast cultures enter mid-log growth, foreshadowing the 
diauxic shift. Therefore, our results suggest that twin-rDNA cells 
may experience a delayed metabolic diauxic shift from glucose 
fermentation (fast growth) to respiration (slow growth), or even 
lack/skip the shift altogether in response to early deprivation of 
one or more nutrients, which greatly precede growth arrest.

Links between the function and structure of the rDNA locus 
in yeast have been previously described and showed that a subset 
of the repeats are usually actively transcribed while the remainder 

are silenced (14, 38). Their transcription level was correlated with 
distinct chromatin states, defined by the association of the repeats 
with DNA-folding markers of either euchromatin [e.g., high-
mobility group proteins, Hmo1 (39)] or heterochromatin [e.g., 
silencing complex, SIR (40)]. Here, we identified mild changes 
in the expression level of these chromatin modifiers: the rDNA-
silencing factor (Sir2) was up-regulated, whereas the active rDNA 
copy-associated protein Hmo1 was down-regulated in 2xrDNA 
compared to 1xrDNA strains (SI Appendix, Fig. S2F). This tran-
scriptional anticorrelation is consistent with an excess of repeats 
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Fig. 1. Transplantation of the rDNA megablock to an ectopic genome location. (A) Diagram showing chromosome XII of wild-type yeast (n = 16, BY4741) that 
contains the rDNA locus (green), and below a simplified representation of nuclear organization in yeast, where examples of chromosome arms (gray lines) are 
anchored at the nuclear membrane through CEN and TEL, and the crescent-shaped nucleolus (green) consisting of rDNA genes. (B) Representative microscopy 
images of yeast nuclei with one or two rDNA loci (black arrowheads in the schematic indicate rDNA-containing chromosomes in WZ499 strain). (C) Schema 
illustrating the relocation (arrowheads) of the rDNA megablock (black box) on the fused megachromosome C (chr C: color code corresponds to the design 
of chromosome fusion) in n = 3 yeast strains (JL411 has a CEN distal rDNA locus, whereas, rDNA is CEN proximal in JL665). Colored blocks indicate sequence 
homology of the repair donors at CRISPR-Cas9 cutting sites. (D) Hi-C contact maps of chr C shown in gray on the x and y axes of each map. The rDNA locus is CEN 
distal on the Left, whereas, after transplantation, it appears CEN proximal on the Right. rDNA distances from the CENs (dark gray) are indicated atop the maps.
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in twin-rDNA strains that may demand additional silencing. Next, 
we investigated the structural organization of chr C with twin-
rDNA loci in cis, and their chromosomal (in)stability.

Structure of Chromosomes with twin-rDNA Loci in cis. We used 
Hi-C (41, 42) to probe the 3-dimensional structure of genomes 
with twin-rDNA arrays. The 2D (2 dimensional) contact maps of 
chr C of strains containing a single locus, either CEN-proximal or 
distal, were combined into a single control map (in other words, a 
bioinformatic merge of the two parental Hi-C maps into a single 
map followed by its normalization). For comparison purposes, the 
control 2D map (Fig. 3 A, Bottom Left triangle map) is displayed 
adjacent to that obtained from triplicate strains with cis twin-rDNA 
loci (Fig. 3 A, Top Right triangle map). In the control map, two 
nearly indistinguishable boundaries (“sharp” contact variations) 
formed at each rDNA location, as a result of similar insulation 
rates from their corresponding adjacent regions (outlined by blue 
squares, 1 and 2, in Fig. 3A). In contrast, the two boundaries 
in cis appeared to give rise to distinct contact frequencies (blue 
squares, 3 and 4, in Fig. 3A), where the insulation (“sharpness”) 
at the CEN proximal rDNA cluster prevailed over the distal twin 

(the difference between the two rDNA boundaries in cis appears 
obvious in the contact ratio map in SI Appendix, Fig. S3A). This 
observed differential insulation at the two cis boundaries was 
validated through contact quantification plots for each locus that 
considered contacts between the intervening region enclosed by 
the two loci (1.9 Mb long) and the corresponding nonintervening, 
rDNA-flanking regions (highlighted by blue dashed rectangles 
on the Hi-C normalized maps (5 kb-binned) in Fig. 3A). From 
this analysis, we observed that the distal locus forms a weaker 
chromosome boundary (lower degree of insulation) when its 
CEN-proximal twin is located in cis (Fig.  3B), a result that 
suggested distinct levels of structural “bulkiness” between the 
cis rDNA loci.

Given that the 2xrDNA map represents consistent results 
obtained from three independent yeast isolates, we reasoned that 
the structural difference between the twin loci may arise from 
distinct epigenetic or genetic stability effects. Two major chroma-
tin modifications at the distal locus could potentially be respon-
sible for this divergence: i) increased heterochromatin through 
silencing that may result in a highly condensed/compacted struc-
ture, and/or ii) a reduction of rDNA repeat copy number at this 
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distal locus. As the two loci have identical DNA sequences, we 
are unable to distinguish between rRNA transcripts originating 
from either locus; therefore, we cannot determine whether they 
are differentially expressed (Discussion). Even though we are unable 
to rule out the hypothesis of different levels of activity and/or 
silencing at the two cis rDNAs, their overall lengths can be directly 
measured to assess whether the two repeated arrays display differ-
ential stability rates. The size of each rDNA locus was estimated 
using PFGE and dual-color Southern blotting on BamHI-digested 
chromosomes (Fig. 3 C and D and Methods). After digestion with 
BamHI, which does not cut within the rDNA repeat unit, the 
rDNA loci were left with unique DNA-flanking sequences, that 
were used to design labeled DNA probes that specifically recognize 
each locus. Surprisingly, nearly all 2xrDNA independent isolates 
showed a consistent and locus-specific size reduction of the distal 
rDNA locus of ~500 to 700 kb when compared to the 1xrD-
NA-distal parent strain (Fig. 3D; PFGE control for chromosome 

preparation and PCR validations of each rDNA locus are shown 
in SI Appendix, Fig. S3 B and C). Also, we observed that the clonal 
variation in the size of the distal locus persisted in isolates passaged 
for ~100 generations (SI Appendix, Fig. S3D), suggesting that the 
excess rDNA genes are not detrimental in mitotically dividing 
cells in laboratory conditions. These results led us to conclude that 
rDNA repeats in yeast might be more stable when located CEN-
proximal rather than distal. This is the evidence of a direct corre-
lation between the stability of a repeated gene array and its relative 
chromosome location.

Finally, we probed the stability of the two loci in cis in the 
absence of Sir2, known to suppress recombination between 
repeated ribosomal genes (22, 40). We found that the two distinct 
rDNA bands were lost (replaced by a DNA smear) in all Δsir2 
isolates (SI Appendix, Fig. S3E), supporting the idea that the size 
variation may depend on differential Sir2 activity at the two loci 
in cis that could cause distinct stability rates between them.
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Mitotic Reorganization of the Nucleolus with cis rDNAs. For 
the nucleolus to be correctly segregated between mother and 
daughter cells, in late anaphase the rRNA transcription needs 
to be shut down to achieve rDNA-cluster condensation 
(43, 44). Importantly, the condensation process mainly involves 
the rDNA and is less pronounced across the remainder of the 
yeast genome.

Our previous work showed that the mitotic reorganization of 
chromatin is preserved along megachromosomes (45). Here, we 
specifically addressed the structure of megachromosome C with 
twin cis rDNAs and that of the resulting nucleolus during the cell 
cycle. Overall, we expected chr C to undergo a typical mitotic 
reorganization (46); however, it remained unknown how the 
~1.9 Mb-long non-rDNA sequence linking the two loci may 
interfere with the structure of the nucleolus. Cells synchronized 
in G1 (alpha factor) and in anaphase [cdc15-2 ts (47)] were imaged 
and showed very clearly that the two rDNAs consistently formed 
a single nucleolar mass per cell throughout mitosis 
(Fig. 4A and SI Appendix, Fig. S4A).

The Hi-C maps revealed yet another layer of structural com-
plexity of the nucleolus. The G1 map displayed strong contacts 
between the two rDNAs in cis, but these were lost in late anaphase 
(Fig. 4B, black arrowhead; SI Appendix, Fig. S4C), suggesting that 

during anaphase the two loci are handled as single and independ-
ent chromosome units. Contact quantifications between the 
rDNA-flanking regions and the intervening region (as described 
in Fig. 3B) showed an overall decrease in anaphase compared to 
G1 (Fig. 4C), in agreement with their increased condensation 
during anaphase that may strengthen chromosome insulation at 
the two rDNA loci. Note that the folding status of the rDNA-
intervening sequence on chr C is not influenced by the 
rDNA-flanking loci (SI Appendix, Fig. S4B, contact probability 
p(s) decay). Therefore, we conclude that i) the ~1.9 Mb rDNA-
intervening sequence does not interfere with the formation of the 
2xrDNA-nucleolus, and that ii) the two loci in cis are treated as 
independent chromosomal entities during anaphase condensation 
contrary to G1.

Discussion

Here, we provided the living evidence of a eukaryotic genome 
carrying more than one rDNA locus located within the same 
chromosomal arm. The remarkable stability of the yeast genome 
is highlighted in its transcriptomics and the homeostatic control 
of the rDNA repeats at each locus. The structure of the twin-
rDNA nucleolus and its reorganization during cell cycle was 
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investigated using microscopy, showing a high degree of structural 
conformity between 1xrDNA and 2xrDNA strains.

Design of the Megachromosome with twin rDNA Arrays and 
Their Genome (In)stability. Prior works on rDNA have employed 
interspecies hybrids to address if any differential stability of this 
locus in different yeasts (48–50). Most of these studies observed 
a uniparental loss of rDNA genes, a relevant example is the 
hybrid (50) between S. cerevisiae and Saccharomyces eubayanus in 
which the latter’s locus collapsed completely whereas the one of 
S. cerevisiae remained full sized. Therefore, we reasoned that only 
by using two native and sequence-identical rDNA arrays located at 
different positions along the chromosome we could truly evaluate 
the position effect on their structure and stability.

The ectopic (CEN-proximal) location for rDNA megatransplan-
tation corresponds to a chromosome fusion site, specifically the 
right and left ends of chr XV and chr IV, respectively. Given that 
these regions were initially subtelomeric, which typically lack essen-
tial genes, we reasoned that they would be “insensitive-to-inser-
tion” (safe harbor) sites for the huge rDNA locus. Finally, the two 
loci in cis conserved the WT transcriptional orientation (TEL-to-
CEN). Our results show a consistent reduction in size of the CEN-
distal locus compared to the proximal counterpart. This peculiar 
size readjustment appears to be Sir2 dependent (SI Appendix, 
Fig. S3E), suggesting that the transcriptional activity—a major 
mechanism responsible for the rDNA gene array stability—at the 
two loci may be different. We speculate that the CEN-distal locus, 
which has native flanking sequences, is the predominantly tran-
scribed locus and is therefore more prone to rapid size adjustments. 
In addition, the modest increase in SIR2 transcription in the strains 
with a surplus of rDNA genes is consistent with the model pro-
posed by Iida et al. (51), in which the limiting UAF (upstream 
activator factor for RNA polymerase I) complex was found to 
regulate rDNA copy homeostasis by modulating SIR2 expression. 
In our specific case, the excess of rDNA genes (originating from 
the duplication of the rDNA array) would be expected to titrate 
the UAF complex away from pSIR2, leading to an increase in SIR2 
expression. Consequently, the increased level of Sir2 would then 
be able to compensate for the excess of rDNA copy number by 
silencing more rDNA genes, thus explaining the observed home-
ostasis in the rRNA level. Although this model can explain the size 
adjustment of the rDNA array, the question as to how rDNA-re-
lated factors work together to selectively maintain gene copy num-
ber at one locus in respect to the other remains open.

Nucleolus as a Phase Condensate. We found that the yeast rDNA 
readily forms a single nucleolus, independent of i) position in 
the genome (homologous or heterologous chromosomes) (35), ii) 
number of loci per chromosome (single or twin), and iii) rDNA 
array repeat size. These results are in full agreement with both 
nucleolar models proposed: LLPS and PPPS (5, 9), which envision 
that the intrinsic biochemical properties of the rDNA are the 
major driving forces for nucleolar assembly that can act over very 
long genomic distances.

Potential Consequences of a Twin-Colinear Organization of 
the rDNA Loci. Comparative evolutionary analyses of rDNA 
loci suggested that selective pressure may act to preserve specific 
characteristics (such as structure, number, and position) of these 
highly repetitive loci in eukaryotes. Here, we found that placing 
two rDNA loci in cis increases the rate of meiotic lethality 
(SI Appendix, Fig. S5 A and B), possibly due to mispairing of the 
homologous chromosomes driven by the 4 rDNA loci, which 
may facilitate abnormal recombination events and disrupt the 

rDNA-flanking regions (SI  Appendix, Fig.  S5C). We speculate 
that the misaligned chromatids can undergo unequal crossing-
over, resulting in increased frequency of nonreciprocal exchange of 
genetic information (or gene conversion) and concomitant spore 
lethality. Our current model suggests that a high meiotic fitness 
cost is associated with multicolinear repeated loci, and this would 
be predicted to ultimately be purged from a sexual population. To 
support this model further, meiotic (in)stability of the two loci 
and evaluation of chromosomal rearrangements in viable spores 
remain to be investigated.

In addition, the extra copy of the rDNA locus appears to affect 
the metabolic response caused by early stages of nutrient con-
sumption, which would initially induce cells in log-phase to exit 
this fast-growing phase, and enter a slow-growth period (diauxie) 
and eventually arrest. Our transcriptomic data suggest that the 
surplus of rDNA genes triggers a premature response to early 
nutrient deprivation, such as low glucose and phosphate levels 
(early signs that precede starvation). Second, we observed that the 
growth of these strains more closely resembles a classic growth 
curve that lacks the diauxic pattern typical of S. cerevisiae in rich 
medium (SI Appendix, Fig. S2B shows that the 2xrDNA strains 
saturate at a slightly higher cell density (A600) than the 1xrDNA 
strains). However, the significance of this latter result was difficult 
to assess definitively due to high variability between isolates as well 
as the variability in length of the rDNA arrays.

Our transcriptomic data suggest that the 2xrDNA cells seem-
ingly ignore signals that normally lead to diauxie. We hypothesize 
that the surplus of rDNA genes becomes a metabolic burden when 
cells need to rapidly enter into a mode that requires the strategic 
allocation of diminishing resources. We refer to this as the “relent-
less growth” model in which the signals responded to by normal 
cells to confer diauxie are bypassed by the cells with an excess of 
rDNA. This intriguing model requires further testing to better 
understand the chromatin status at the rDNA, the dynamics of 
rRNA transcription, as well as the transcriptomic and metabolic 
changes at different growth stages, including the return to growth 
of quiescent cells. In conclusion, we speculate that selective pres-
sure acts to maintain rDNA repeat number within an effective 
“optimal range” to ensure that rRNA levels can be readily tuned 
in response to environmental changes. More generally, we term 
this potential fitness defect “paralogous cis-rDNA interference,” 
whereby placement of two repeated and identical sequences in cis 
may cause interference with their function and ultimately lead to 
the loss of one locus.

These findings are noteworthy in the context of large-scale 
genome engineering, that, in our case, was implemented to address 
the structural evolution of gene arrays. Here, we have presented 
the living evidence of a chromosome configuration with two rDNA 
loci that coexist on the same chromosomal arm and found unex-
pectedly distinct rates of stability according to their relative loca-
tions on the chromosome. It appears that in the context of two cis 
loci, the array closer to the CEN is maintained stably relative to 
the distal twin. Given that our experimental design is confined to 
two chromosomal locations, additional experiments of genome 
editing to relocate either the CEN or the rDNA are required to 
validate this CEN-proximity effect. Nevertheless, our data suggest 
a potentially unique interplay between genome position and sta-
bility rate at least in the case of highly transcribed gene arrays.

Materials and Methods

Strains and Culture Conditions. All strains used in this study are listed in 
SI Appendix, Table S1, and they are derived from BY4741 and BY4742 (52) by 
transformation events. Deletion of the entire open-reading frame of SIR2 gene D
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was performed using the CRISPR-Cas9 with a single gRNA and a ~1 kb-long repair 
donor generated by fusion PCR on SIR2-flanking sequences. The thermosensitive 
mutation in CDC15 (cdc15-2 ts) was introduced with CRISPR-Cas9. Oligos used 
in this study are listed in SI Appendix, Table S4.

Strains were grown in rich medium (YPD [yeast extract peptone dextrose] : 1% 
bacto peptone (Difco), 1% bacto yeast extract (Difco) and 2% glucose; YPG [yeast 
extract peptone glycerol] : 1% bacto peptone (Difco), 1% bacto yeast extract (Difco), 
and 3% glycerol) or in synthetic complete medium (SC [synthetic complete]  : 
0.67% yeast nitrogen base without amino acids (Difco), supplemented with a 
mix of amino acids and 2% glucose). The cells were grown at either 30 °C or 
24 °C, the latter corresponds to the permissive temperature of the conditional 
thermosensitive mutant cdc15-2 [see also methods in Lazar-Stefanita et al. (45)].

Serial Dilution Assay and Growth Curves. Yeast cultures from independent 
isolates of n = 16 WT rDNA (BY4741), n = 3 rDNA CEN distal (JL411), n = 3 rDNA 
CEN proximal (JL665), and n = 3 rDNA CEN proximal and distal (LS71) strains were 
grown in YPD liquid medium at 30 °C to saturation. For serial dilution assay, yeast 
cultures in stationary phase were diluted to an optical density (OD) A600 = 0.1 and 
serially diluted (1:10) in sterile water and then spotted on different media (YPD, 
YPG, and SC) and incubated at different temperatures (30 °C and 37 °C) for 2 d. 
For growth curves, yeast cultures in stationary phase were diluted in fresh YPD 
medium to A600 = 0.05, 200 µL was transferred to 96-well plates, and every minute 
the BioTek Eon microplate spectrophotometer was programmed to shake the plate 
and measure the A600 for a total of 24 h at 30 °C. A600 values were imported in 
GraphPad Prism version 9 for Mac OS (GraphPad Software, San Diego, California 
USA, www.graphpad.com) and used to calculate mean and SD for each isolate of 
each strain. Doubling time was calculated using the slope of the growth curves.

rDNA Megablock Engineering. A CRISPR-Cas9-based method was used to 
promote during the cut-and-paste rDNA locus relocation from the native loca-
tion (flanked by chromosome XII sequence) to an ectopic position generated by 
fusing TEL 15R and TEL 4L. The method was performed as described by Luo et al. 
(36), except that two gRNAs cut the flanking regions of rDNA locus and the third 
gRNA cuts at the new ectopic insertion site. In addition, three donor templates 
were generated by fusion PCR, they include: i) a donor template to rejoin the 
ends of the native locus upon rDNA deletion, ii) a donor template for bridging 
the left flanking region of the rDNA locus to its new target location, and iii) a 
donor template for bridging the right flanking region of rDNA locus to its new 
target location. rDNA translocation was verified by PCR with primer pairs designed 
outside the newly formed chromosome junctions. Guide RNAs and PCR primers 
are listed in SI Appendix, Table S4.

PFGE and Dual-Color Southern Blot. Chromosomes from stationary yeast 
cell cultures were prepared in agar molds using the Certified Megabase 
Agarose (Bio-Rad CAT. 1613108), and PFGE was carried out as previously 
described, with running conditions recommended for either S. cerevisiae 
or Saccharomyces pombe chromosomes. Specifically, megachromosomes were 
separated on a 0.8% agar gel in 1× TAE (Tris acetate ethylene diamine tetra-acetic 
acid) at 14°C. Run time was ~72 h at 2V/cm with switch time of 20 to 30 min at 
an included angle of 106° (36). DNA size markers used were the S. pombe chro-
mosomal DNA (Bio-Rad CAT. 170-3633) and the Hansenula wingei chromosomal 
DNA (Bio-Rad CAT. 170-3667).
Method for chromosome digestion. Prior to the BamHI (NEB CAT. R0136L) 
incubation, agar plugs were equilibrated 1× Buffer3.1 (NEB) for 24 h at 4 °C. 
BamHI digest was carried out for 24 h at 37 °C in ~500 µL final volume consisting 
of: ~100 mg agar, 50 µL 10× restriction buffer, and 10 µL BamHI enzyme (200 U). 
Agar molds treated with BamHI were then used for the PFGE and Southern blot.

The protocol for dual-color Southern blotting was optimized based on a pre-
vious study by Zavala et al. (53). Following electrophoresis of BamHI-digested 
agar plugs, the gel was washed in depurination solution (0.25 M HCl) for 20 min, 
denaturation solution (0.5 M NaOH, 1.5 M NaCl) for 60 min, and neutralization 
solution (0.5 M Tris, 1.5 M NaCl pH 7.5) for 30 min. Chromosomes were trans-
ferred by capillarity to a nylon membrane (Pall® 60208 Biodyne™ B Membrane, 
Pore Size 0.45 µm CAT. 60208) using 10X SSC buffer (20× SSC: 1.5 M NaCl, 0.3 
M sodium citrate pH 7) for 72 h. After transfer, the membrane was washed with 
2× SSC for 5 min and baked at 80 °C for 30 min. Prehybridization and hybridi-
zation steps were performed at 50 °C in ULTRAhyb™ Ultrasensitive Hybridization 

Buffer (Invitrogen Ambion CAT. AM8670). PCR products (~1.1  kb-long 
flanking unique sequences on either side of each rDNA locus) were labeled 
using Klenow Fragment exo- (NEB CAT. M0212L) with either Biotin-16-dUTP 
(Roche CAT. 11093070910) or Digoxigenin-11-dUTP alkali-stable (Roche CAT. 
11093088910) at 37 °C for 1 h. Oligos used for making DNA probes are listed 
in SI Appendix, Table S4. Labeled DNA probes were cleaned up using Zymo-Spin 
I Columns (Zymo Research CAT. C1003-50), denatured at 95 °C for 5 min, and 
~300 ng of each was used for each hybridization experiment. The blot was 
washed twice with 2× SSPE buffer (20× SSPE Buffer: 0.02 M EDTA and 2.98 M 
NaCl in 0.2 M phosphate buffer pH 7.4; Sigma-Aldrich CAT. S2015) for 5 min 
at room temperature; twice with 2× SSPE, 1% SDS for 30 min at 55 °C; and 
twice with 0.1× SSPE for 15 min at 55 °C. Blot was incubated in Blocking buffer 
Odyssey (LI-COR® CAT. 927-40000) in 1× Tris-Buffered Saline with 0.1% Tween 
20 and 1% SDS for 3 h at room temperature.

The membrane was washed with 1× TBST for 5 min and incubated for 1 h at 
room temperature with rabbit anti-DIG antibody (working concentration 1:2,500 
in Blocking buffer Odyssey; ABfinity™ Rabbit Monoclonal, CAT. 700772). The 
primary antibody solution was washed out three times with 1× TBST for 15 min 
at room temperature. The membrane was incubated in the secondary antibody 
solution (working concentration 1:10,000 in Blocking buffer Odyssey): Licor 
IRDye® 800CW Streptavidin, 0.5 mg (CAT. 926-32230), and LIRDye® 680RD Goat 
anti-Rabbit IgG (H + L), 0.5 mg (CAT. 926-68071), for 30 min at room temper-
ature. The secondary antibody solution was discarded and the membrane was 
washed three times with 1× TBST for 15 min at room temperature before imaging 
acquisition using LI-COR Odyssey® Imager.

Mating Type Switching, Sporulation, and Tetrad Dissection. For mating 
type switch, we used the same reagents and protocol described by Zhang et al. 
(34). A detailed protocol for sporulation and tetrad dissection of yeast with fused 
chromosomes was described by Luo et al. (36).

RNA Extractions. Total RNA was extracted from 3 independent isolates of n = 16 
WT rDNA (BY4741), n = 3 rDNA CEN distal (JL411), n = 3 rDNA CEN proximal 
(JL665), and n = 3 rDNA CEN proximal and distal (LS71) strains. Approximately 
2 × 108 cells were harvested from log-phase cultures (1.5 to 2 ×107 cells/ml) 
grown in YPD medium at 30 °C. Cell pellets were washed in RNase-free water 
and resuspended in RNA lysis buffer (50 mM Tris-HCl pH 8, 100 mM NaCl). The 
cells were lysed mechanically using acid-washed glass beads (Sigma-Aldrich CAT. 
G8772-100G) at 4 °C. The RNA was extracted by phenol:chloroform:isoamylal-
cohol (ThermoFisherScientific CAT. 15593) and ethanol precipitated. Extractions 
were treated with DNaseI (Agilent CAT. 600031) for 1 h at 37 °C and RNA quality 
was verified by agarose gel in 1× TAE.

RT-qPCR. The above total RNA extractions were serial diluted (1:10/100/1,000) 
and used for RT-qPCR reactions with gene-specific oligos (rRNA: 18S, 25S, 
ETS1  [external transcribed spacer 1]  ; mRNA: TAF10, UBC6). The reverse tran-
scriptase (RT) reaction was performed according to the manufacturer’s protocol 
SuperScript™ IV RT (Invitrogen CAT. 18090050). Successively, quantitative PCR 
was performed using either the LightCycler® 480 SYBR Green I Master (Roche CAT. 
04887352001) or One-Step PrimeScript™ III RT-qPCR Mix (Takara CAT. RR600A) 
with multiplexed fluorescent probes (fluorescein, FAM; hexachlorofluorescein, 
HEX), with the standard amplification protocol with 45 cycles in a multiwell PCR 
plate 384. Ct values for each replicate were imported in GraphPad Prism version 9 
for Mac OS (GraphPad Software, San Diego, California USA, www.graphpad.com) 
and used to calculate mean and SD for each gene in each strain. Raw Ct values 
for each gene can be found in Dataset S1.

RNA Library Preparation, Sequencing, and Analysis. Stranded total RNA-
seq libraries were prepared with the QIAseq stranded RNA library kit (Qiagen, 
CAT. 180743) following the manufacture’s recommendations using dual-in-
dexing primers. Additionally, the input total RNA was first processed with the 
QIAseq FastSelect rRNA Yeast kit to remove cytoplasmic and mitochondrial rRNA 
(Qiagen, CAT. 334215). Library quality was assessed using the ZAG 110 dsDNA 
kit on (Agilent, CAT. ZAG-110-5000) and run on the ZAG DNA analyzer system 
(Agilent). Libraries were then sequenced on an Illumina NextSeq 500 using the 
75-cycle high output in paired-end mode (Illumina, CAT. 20024906).
Differential gene analysis (Dataset S2). RNA sequencing analysis was performed as 
previously described (54) using kallisto/sleuth suite with minor modifications. Briefly, D
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reads were processed by Illumina barcode and quality trimmed with Trimmomatic 
(55) and quality assessed with FastQC (56). Next, the reads were aligned using the 
pseudo-alignment program kallisto to the reference S288C genome (57), with anno-
tations supplied with a gtf file containing all annotated RNAs in stranded paired-end 
mode (options, --genomebam --gtf --fr-stranded). The output of Kallisto was then used 
for data analysis in Sleuth (58). Volcano plots were generated using the Walds test false 
discovery rate-adjusted P value (P < 0.01) and log2 fold change (−2 > Log2FC > 2).

Cell Cycle Synchronization. For both imaging and Hi-C experiments, yeast 
cells, carrying either a single rDNA locus (LS88, LS95) or two rDNA loci in cis 
(LS90, LS103), were synchronized in either G1 with alpha factor (Zymo Research, 
CAT. Y1001), or in late anaphase, using the thermosensitive mutant cdc15-2.
Method for G1 synchronization (LS88 and LS90). Cells were grown to saturation 
in 5 mL SC medium at 30 °C; the next day, the cells were subcultured in 150 mL 
fresh SC medium (OD, A600 = 0.5) for 2 h 30 min at 30 °C and then alpha factor was 
added (final concentration: 25 µM) and cultures were incubated for additional 
2 h 30 min at 24 °C before imaging and formaldehyde cross-link.
Method for late anaphase synchronization (LS95 and LS103). Cells were grown 
to saturation in 5 mL SC medium at 24 °C; the next day, they were subcultured 
in 150 mL fresh SC medium (A600 = 0.5) and grown for 5 h at 24 °C and then the 
temperature was switched to 37 °C (nonpermissive condition) and incubated for 
additional 3 h before imaging and formaldehyde cross-link.

The quality of G1 and anaphase synchronizations was visually monitored 
by microscopy hourly. For microscopy, small aliquots (~1 to 2 mL synchronized 
cultures) were spooned down at 3,000 g for 3 min and fixed in ethanol 70%; 
whereas, the remaining cultures were fixed with formaldehyde for Hi-C library 
preparation (see below).

Protein Tagging and Imaging of the Nucleolus. The cell cycle reorganization 
of the nucleolus within the nucleus was monitored using fluorescently tagged 
proteins at their endogenous C terminus. Nuclear envelope was labeled with 
either mCherry (NIC96::mCherry) or mScarlet (NUP49::mScarlet), while the 
nucleolus with GFP (NOP10::EGFP) as described by Zhang et al. (34) (see also 
strain genotype in SI Appendix, Table S1). Imaging was performed on the EVOS 
M7000 microscope using the Olympus X-APO 100 Oil, 1.45NA/WD 0.13 mm 
(Oil) objective. Images were acquired as Z-stacks and visualized as max intensity 
projections using ImageJ (59).

Hi-C Library Preparation and Data Analysis. Hi-C libraries (SI  Appendix, 
Table  S3) were prepared from yeast cells harvested from either log phase or 
cell cycle synchronized cultures (see above protocols for cell synchronizations). 
Methods for yeast Hi-C library preparation and data analysis were performed as 
previously described by Lazar-Stefanita et al. (45, 46). Briefly, Hi-C reads were 
aligned using Bowtie 2 (60) and processed using command lines based on HiCLib 
tool developed in the Mirny lab (61). Normalized contact maps [sequential com-
ponent normalization (62)] were 5 kb-binned and were plotted using MatLab 
R2018 (The MathWorks, Inc., Natick, Massachusetts, United States).

The Hi-C assay resulted crucial to validate the transplantation of the rDNA 
locus. We found that among the potential candidates—that were PCR positive 
for the rDNA transplantation—only one isolate had the entire locus relocated 
that resulted in the actual repositioning of the rDNA boundary from the native 
location (CEN-distal: 2.75 Mb from the active centromeric sequence, CEN15, and 

0.6 Mb from the nearest telomeric sequence, TEL12R) to the new ectopic position 
at the fusion junction between the left arm of former chromosome XV and the 
right arm of former chromosome IV (CEN-proximal: 0.75 Mb from CEN15 and 
2.52 Mb from TEL12R). Of note, in the isolates that were false positives by PCR 
for the rDNA megablock transplantation, the chromosome boundary formed by 
this locus remained at the original location (CEN-distal) as expected.

The Hi-C maps were used to evaluate the strength of each rDNA boundary 
in function of their distance from the CEN and locus number (single vs. double) 
across megachromosome C. For this analysis, we first reasoned that the chromo-
some boundaries observed at the location of the rDNA loci on the 2D maps are 
“visual artifacts” due to the combination of different structural characteristics at 
this locus. Indeed, the highly repetitive nature and the formation of a subnuclear 
compartment (nucleolus) appear to lower the contact frequency between the 
rDNA-flanking regions. Along the same lines, we also expected that differences 
in structure and/or size between rDNA loci would have an effect on the strength 
of the correspondent chromosome boundaries. In other words, the bigger the 
rDNA locus (“bulkier” the nucleolus), the lower the contact frequency between 
its flanking sequences, and therefore the stronger the boundary. To compare 
between the CEN-proximal and CEN-distal rDNA boundaries, located in sin-
gle (JL411 and JL665) or double copy (LS71 C1 to C3) on megachromosome 
C, we used normalized Hi-C contact maps (5 kb-binned) to quantify interactions 
between 500 kb-long regions—corresponding to the upstream CEN proximal locus 
and to the downstream CEN distal locus (see blue rectangles on chr C maps in 
Fig. 3A)—and the 1.9 Mb intervening region between the two loci. Spread point 
plots, where each point corresponds to total contacts made by each 5 kb bin, 
were generated for each rDNA boundary using Matlab. P values were calculated 
using the Kolmogorov–Smirnov test (K–S test) function in MATLAB 2018a (The 
MathWorks, Inc., Natick, Massachusetts, United States).

Log2 ratios of Hi-C contact maps were used for their pairwise comparison, 
and the contact probability decay in function of the genomic distance, p(s), was 
computed to assess the status of the chromatin fiber. Both these analyses were 
performed as previously described by Lazar-Stefanita et al. (45, 46).

Data, Materials, and Software Availability. Genome-wide and RNA sequenc-
ing files were deposited at the NCBI database as FASTQ files. See BioProject acces-
sion number PRJNA847233 for the SRA data. 
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