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ABSTRACT

A common feature of interspecific animal and plant hybrids is the uniparental silencing of ribosomal
RNA gene transcription, or nucleolar dominance. A leading explanation for the genetic basis of nucleolar
dominance in animal hybrids is the enhancerimbalance model. The model proposes that limiting
transcription factors are titrated by a greater number of enhancer-bearing subrepeat elements in the
intergenic spacer (IGS) of the dominant cluster of genes. The importance of subrepeats for nucleolar
dominance has repeatedly been supported in competition assays between Xenopus laevis and X. borealis
minigene constructs injected into oocytes. However, a more general test of the importance of IGS
subrepeats for nuclear dominance in vivo has not been conducted. In this report, rRNA gene expression
was examined in interpopulation hybrids of the marine copepod Tigriopus californicus. This species offers a
rare opportunity to test the role of IGS subrepeats in nucleolar dominance because the internal subrepeat
structure, found in the IGS of virtually all animal and plant species, is absent in 7. californicus. Our results
clearly establish that nucleolar dominance occurs in F; and Fs interpopulation hybrids of this species. In
the Fy generation, nucleolar dominance appears to break down in some hybrids in a fashion that is
inconsistent with a transcription factor titration model. These results are significant because they indicate
that nucleolar dominance can be established and maintained without enhancer-bearing repeat elements
in the IGS. This challenges the generality of the enhancer-imbalance model for nucleolar dominance and
suggests that dominance of rRNA transcription in animals may be determined by epigenetic factors as has

been established in plants.

A common pattern of altered gene expression in
interspecific hybrids is the uniparental transcrip-
tional silencing of ribosomal RNA (rRNA) genes. In
nonhybrid diploid genomes, both rRNA gene clusters
on homologous chromosomes are expressed, but in
interspecific hybrids, transcription of the array from
one parent is frequently silenced (e.g., BLACKLER and
GECKING 1972). This pattern of expression, called
nucleolar dominance, is a hybrid phenomenon that has
been documented in many interspecific plant and
animal hybridizations (REEDER 1985; P1kaarRD 2000a,b;
GrUMMT and P1KAARD 2003). Despite the widespread
occurrence of nucleolar dominance little is known
about how the pattern of dominance is established or
why it occurs.

The rRNA gene family in plants and animals consists
of tandemly arrayed repeats of the 18S, 5.8S, and 28S
structural genes (LONG and DAawip 1980). Each repeat
unit consists of all three structural genes and the cis-
regulatory elements necessary for transcription initia-
tion and termination. Regulatory features are located in

! Corresponding author: Stony Brook University, 643 Life Science Bldg.,
Stony Brook, NY 11794.  E-mail: jmflower@life.bio.sunysb.edu

Genetics 173: 1479-1486 (July 2006)

the intergenic spacer (IGS) and typically include a
promoter and arrays of internal subrepeats thought to
act as enhancers of transcription (Buspy and REEDER
1983; LABHART and REEDER 1984). The broad conser-
vation of enhancer function of these subrepeats in
Drosophila (GRiMALDI and D1 NOGERA 1988), Xenopus
(PAPE et al. 1989), and mouse (KunN et al. 1990) and
structural similarities across eukaryotes suggest broad
conservation of function (REEDER 1990). Transcription
of the ribosomal genes is accomplished by RNA poly-
merase I (Pol I). This polymerase and its associated
transcription factors are dedicated solely to transcrip-
tion of the rRNA genes and promoter recognition is
specific to the promoter in the IGS (GrummT 2003).
This dedication of Pol I transcription apparatus to a
single family of genes may facilitate rapid coevolution of
components of the Pol I transcription apparatus to the
rRNA gene promoter (GRUMMT et al. 1982). Tests of
this hypothesis have demonstrated that the RNA Pol I
transcription apparatus is not interchangeable among
distantly related species such as mouse and human
(GRUMMT et al. 1982) and Drosophila virilis and D. mela-
nogaster (KOHORN and RAE 1982). In most cases, it is un-
clear how this unusual feature of the rRNA transcription
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apparatus may contribute to nucleolar dominance
(MIESFELD et al. 1984; REEDER and RoAN 1984; REEDER
1985; FRIEMAN et al. 1999).

Studies of interspecific hybrids between Xenopus laevis
and X. borealis have suggested a mechanism for nucle-
olar dominance. In hybrids, X. laevis rRNA genes are
transcriptionally dominant over X. borealis (HoNjo and
REEDER 1973). Transcriptional silencing of X. borealis
genes has been hypothesized to result from the ability of
the X. laevis cluster to more effectively sequester limiting
transcription factors (REEDER and RoaN 1984). Support
for this model has come from transcription assays with
artificial minigene constructs. When constructs bearing
X. laevis regulatory elements are co-injected into oo-
cytes with constructs containing X. borealis regulatory
features, the X. laevis construct shows transcriptional
dominance, thus mimicking the situation observed in
interspecific hybrids. These assays have suggested that
transcriptional dominance could be conferred to X
laevis genes as a result of fourfold more enhancers
(REEDER and RoaN 1984) or stronger spacer promoters
(i.e., repeated promoter-like sequences necessary for
full enhancer function in Xenopus; CAUDY and PIKAARD
2002) in the X. laevis IGS. Either of these mechanisms
could deprive the X. borealis genes of transcription fac-
tors and result in transcriptional dominance of X. laevis
arrays.

This enhancer-imbalance model is attractive because
it explains all general features of nucleolar dominance
and simultaneously explains how transcriptional dom-
inance is established and maintained through sub-
sequent cell divisions (REEDER 1985). However, this
model has recently come under scrutiny because of
evidence that enhancer imbalance may not contribute
to nucleolar dominance in plant hybrids (CHEN et al.
1998; FRIEMAN et al. 1999). Studies of allotetraploid
hybrids in Brassica and Arabidopsis have clearly estab-
lished that modifications to chromatin structure are at
least partially responsible for rRNA gene silencing.
Nucleolar dominance in these species appears to be
an epigenetic phenomenon that is inherited through
chromatin modifications that are introduced by a self-
reinforcing cycle of cytosine methylation and histone
deacetylation (CHEN and PIKAARD 1997; LAWRENCE
et al. 2004). Although it is not clear how the repressive
chromatin state of the underdominant array is originally
specified, modifications to chromatin structure account
for how transcriptional silencing occurs and how the
transcriptional status of genes can be transmitted
through subsequent cell divisions.

The importance of chromatin configuration raises
questions about the relationship between the nucleolar
dominance-like pattern observed in assays with artificial
minigene constructs in Xenopus and the phenomenon
of nucleolar dominance. It may be that the enhancer-
imbalance mechanism at work in transcription assays
does not contribute to nucleolar dominance in the

chromosomal context of a hybrid nucleus (Caupy and
PikaarDp 2002). If so, this may indicate that enhancer-
bearing subrepeat elements, which are thought to be
important in nucleolar dominance in Xenopus, may not
be necessary for either the establishment or the main-
tenance of nucleolar dominance.

An unusual feature of the rRNA gene array in the
marine copepod Tigriopus californicus provides a means
for assessing the role of subrepeat elements in nucleolar
dominance. In arecent survey of genetic variation in the
rRNA gene cluster, we found substantial interpopula-
tion divergence in the most conserved section of the IGS
and the external transcribed spacer (ETS) (BURTON
et al. 2005). Uncorrected interpopulation divergences
in this region were found to exceed 10% among all
populations and exceeded 35% between northern pop-
ulations and a partially reproductively isolated popula-
tion in Baja California, Mexico (GANz and BURTON
1995). In addition to extensive IGS divergences, the
region upstream of the transcription initiation site does
not contain subrepeats (BURTON et al. 2005). In other
species, these subrepeats are known to contain en-
hancers of transcription and are otherwise a character-
istic feature of animal IGS sequences (REEDER 1990).
Because these repeats are hypothesized to contribute to
nuclear dominance (REEDER and RoaN 1984), studies
of ribosomal gene expression in 7. californicus hybrids
may provide new insight into the mechanism(s) respon-
sible for uniparental silencing of rRNA genes.

Here we report patterns of rRNA gene expression
in interpopulation hybrids of 7. californicus. We assess
whether transcription of rRNA is biased in F; and Fo
hybrids and demonstrate a clear pattern of nucleolar
dominance in the F; generation. In Fy hybrids, nucle-
olar dominance appears to partially break down, with
some hybrids showing complete dominance and others
partial dominance or codominance in TRNA gene ex-
pression. Given the unusual structure of the 7. californi-
cus IGS, these results imply that repetitive elements in
the IGS are not required for uniparental gene silencing
of rRNA transcription.

MATERIALS AND METHODS

Life history: 7. californicus is an obligately sexual harpacti-
coid copepod species that inhabits intertidal rocky shelves
along the Pacific Coast of North America. Limited gene flow
occurs among populations of 7. californicus and populations
are frequently divergent at mitochondrial and nuclear gene
loci (e.g., BURTON and FELDMAN 1981; BURTON and LEE 1994;
EpMmanDs 2001). In laboratory crosses, Fy interpopulation hy-
brids are vigorous, while Fy hybrids suffer from outbreeding
depression (BURTON 1990; EDMANDS 1999; EDMANDS et al.
2005). The mechanism of sex determination is unknown in
T. californicus, although it appears to be influenced by both
genetic and environmental factors (VoorRpouw and ANHOLT
2002). There is no evidence of sex chromosomes in this spe-
cies (AR-RUSHDI 1963).
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Experimental crosses: Samples were collected from Aba-
lone Cove, Los Angeles County (AB), San Diego (SD), and
Santa Cruz (SC), California, and maintained in laboratory
cultures at 20° with a 12:12 light-dark cycle. Collecting locales
are the same as those in previous studies (e.g., BURTON and
FELDMAN 1981; BurTON and LEE 1994; GaNz and BURTON
1995). Interpopulation hybrids were obtained from crosses
between AB X SD and SD X SC populations and their recip-
rocals. Pair crosses were established following the method of
BurToN and FELDMAN (1981) by isolating virgin females and
mating them in mass culture with males from an alternate
population. F; hybrid males were either isolated for DNA
and RNA extraction or allowed to mate with F; females for
production of Fs intercross hybrids. Second generation hy-
brids were subsequently obtained by transferring fertilized F,
females to new cultures for production of Fo progeny. All
experiments were conducted on Fy and Fy adult males.

SNP detection: Detection of population-specific rRNA genes
and transcripts in interpopulation hybrids is limited in 7
californicus by low levels of among-population divergence in
the 18S and 28S structural genes (BURTON et al. 2005). Among
the focal populations, a single nucleotide polymorphism (SNP)
at position 189 of the 18S is fixed for cytosine in SD and
thymine in AB and SC populations (see GenBank accessions:
AYH88143.1, AY588134.1, and AY588140.1; BURTON et al.
2005). The AB and SC populations are indistinguishable in
the 18S and 28S rRNA genes. This restricted our analysis to
SD X AB and SD X SC interpopulation crosses.

Population-specific copies of rDNA and the corresponding
rRNA transcripts were distinguished on the basis of the T189C
SNP with a fluorescence resonance energy transfer (FRET)
hybridization probe assay. The method discriminates between
SNP variants on the basis of the loss of fluorescence associated
with melting of hybridization probes in a post-PCR melting
curve assay (see below). Total RNA and genomic DNA were
simultaneously isolated from single adult copepods. Individ-
ual animals (~30 pug wet weight) were submersed live in 40 pl
of TRI reagent (Sigma-Aldrich, St. Louis) with ~150 mg of
zirconia/silica beads (Biospec, Bartlesville, OK) in 500 ul
RNase/DNase-free microtubes. Cells were disrupted by bead-
beating each sample for 20 sec in a FastPrep 120 bead beater
(Qbiogene, Carlsbad, CA) with a rotor speed of 4.5 m/sec.
RNA and DNA were subsequently extracted following the TRI
reagent extraction protocol. RNA was DNase treated and first-
strand cDNA synthesis was performed with Superscript 11
(Invitrogen, Carlsbad, CA) with an 18S rRNA gene-specific
primer, 5'-GTGCGATCAGCAAAAAGT-3'. A 200-bp fragment
containing the T189C polymorphism was PCR amplified with
the primer used for cDNA synthesis and a forward primer,
5-AGGTGAAGCTGCGAACG-3'. The cycling profile consisted of
95° for 30 sec, 50° for 30 sec, and 72° for 30 sec for 40 cycles in
a conventional thermal cycler. Identical conditions were used
to amplify genomic DNA. PCR products were visualized with
ethidium bromide-stained agarose gels and quantified with
Hoechst dye on a fluorescence plate reader. PCR controls for
contamination of RNA with genomic DNA were conducted
for all samples. In this control, DNase-treated RNA was added
directly to a PCR reaction. Samples were considered free of
contaminating DNA if PCR amplification failed. In some cases,
contaminating genomic DNA was detected and a second
DNase treatment was conducted. These samples were checked a
second time for DNA contamination prior to cDNA synthesis.

The donor probe (5-GCGGTAATTCTGGAGCTAATACAT
GCTACAA-3") for the melting curve assay was end-labeled with
a 3’ fluorescein. The acceptor probe (5'-CCCTTCACGTTG
TGTGAGGG-3") was positioned 2 bp downstream of the 3’
end of the donor probe and was end-labeled with a 5" LC
Red 640 and a 3’ phosphate group (Synthegen, Houston). A

cytosine located 5 bp from the 5" end of the acceptor probe
produces a C:A heteroduplex when hybridized with SD-
derived DNA and a C:G base pair with SC- and AB-derived
DNA.

Melting curves were generated in a LightCycler (Roche,
Mannheim, Germany) with equal concentrations of unpuri-
fied PCR-amplified DNA, 3.25 mm MgCls, and 300 nm of each
probe in glass capillaries (Roche Molecular Biochemicals,
Indianapolis). Each assay consisted of an initial denaturation
step of 0 sec at 95° followed by annealing at 45° for 15 sec and
ramping of the reaction to 80° at rates between 0.2°/sec and
0.5°/sec. Fluorescence was detected continuously and the
instantaneous rate of fluorescence change was determined by
calculating the negative derivative of the melting curve. Plots
of the negative derivative of fluorescence vs. temperature
yielded one or two distinct peaks depending on whether one
or both SNP variants were present in the sample. These peaks
correspond to the temperatures at which there is a maximum
instantaneous rate of fluorescence loss due to melting of the
acceptor probe from homo- and heteroduplexes.

In our assay, there was a tight linear correlation between the
relative frequency of SNP variants and relative melting peak
heights (Figure 1). This relationship was used to quantify the
relative frequencies of each SNP in a DNA or cDNA pool [see
Lyon et al. (2001) for arelated method]. Standard curves were
generated by combining population-specific PCR-amplified
products in ratios of 5:1, 2:1, 1:1, 1:2, and 1:5 (i.e., relative
frequencies of 5/6, 2/3, 1/2, 1/3, and 1/6) followed by
melting curve analysis in parallel with unknown samples. In a
few samples, the ratio of SNP variants inferred from a hybrid
fell outside of the range of the standard curve. Ratios from
these samples were calculated by extrapolating from the
standard curve. This was done to indicate that both SNP
variants were detected in such samples and to distinguish them
from samples in which we found no evidence of both SNP
variants. When only one SNP variant was detected, the fre-
quency of the undetected SNP was inferred to be less than 1/6
and assigned a value of zero.

The validity of the SNP quantification method was in-
dependently verified with a restriction assay. The 185 rRNA gene
was amplified with a second pair of primers (F: 5-AGTCA
TATGCTTGTCTCAAAG-3', R: 5'-GGATGAGTCCGGTATCG-
3’) that flanked the T189C SNP. PCR products were digested
with Dralll and population-specific fragments were quantified
by densitometry with a Chemilmager 5500 CCD imager with
AlphaEase FC software (Alpha Innotech).

RESULTS

SNP detection: Detection of biased transcription
in interpopulation hybrids required development of
a genetic marker to distinguish between population-
specific copies of 18S rDNA and the corresponding rRNA
transcripts. This was accomplished with a FRET hy-
bridization probe assay that discriminates between the
population-specific TI89C SNP. The method is a post-
PCR melting curve assay that capitalizes on melting
temperature differences between homo- and hetero-
duplexes formed between an “acceptor” probe and the
two SNP variants. The acceptor probe hybridizes to the
SNP and flanking sites, while a “donor” probe anneals
to the template immediately 5" of the acceptor. When
both probes are hybridized to the template, excitation of a
3’ fluorescein on the donor probe initiates a resonance
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FIGURE 1.—Melting peak profile derived from melting
curve assays with the specified ratios of SC and SD PCR-ampli-
fied genomic DNA. The inset is a standard curve derived from
these peaks.

energy transfer to a 5’ fluorophore on the adjacent
acceptor. This results in a fluorescent emission. During
the melting curve assay, the acceptor probe denatures
from the homo- and heteroduplexes formed between
the two SNP variants at different temperatures because
of differences in their thermal stabilities. This can be
monitored as a loss of fluorescence associated with the
cessation of FRET between the donor and acceptor
probes. Plots of the negative derivative of fluorescence
vs. temperature yield one or two distinct melting peaks
depending on whether one or both SNP variants are
present in the sample. This method is commonly used
for SNP genotyping (BERNARD ef al. 1998) and has also
been used to quantify the relative frequency of SNP
variants in a PCR product pool (LyoN et al. 2001).

The FRET hybridization probe assay readily distin-
guished between the two SNP variants in PCR-amplified
DNA and cDNA pools. In melting curve assays, the
melting temperatures of the acceptor probe from the
targets were 60—-62° for the SD-derived SNP variant and
~67-69° for the variant specific to the SC and AB pop-
ulations. In Figure 1, the difference in melting temper-
ature can be seen in a plot of the negative derivative of
the melting curve (“melting peak profile”), where the
peak at ~60° corresponds to the SNP variant from SD
and the peak at ~68° corresponds to the SNP variant
from SC. This facilitated easy discrimination of popula-
tion-specific TRNA transcripts and rRNA genes from
individual hybrid copepods.

In our assay, the relative melting peak height from
each polymorphism was tightly correlated (v = 0.99)
with the relative frequency of the two SNP variants in
a sample (Figure 1). This relationship allowed us to
quantify the relative abundance of population-specific
transcripts and multicopy rRNA genes from cDNA and
genomic DNA derived from a single hybrid. The re-
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FIGUure 2.—The relationship between SNP frequencies es-
timated with densitometry and the FRET melting curve assay.

lationship between the ratio of melting peak height and
the ratio of each SNP variant was linear over a range of
values between 5:1 and 1:5 (Figure 1). However, infer-
ences outside this range were frequently impossible
because more skewed ratios sometimes failed to yield
two distinct melting peaks. As a result, the presence of
an SNP at low frequency (<1/6) may not have been dis-
tinguishable from its absence in a pool of PCR products.
The linear relationship established in the melting curve
analysis was independently verified with a restriction
enzyme-based densitometry assay (Figure 2). A plot of
the relative frequencies of the T189C SNP variants
shows a strong correlation (#* = 0.89) between estimates
from the two techniques.

F; hybrids: Figure 3 presents melting peak profiles
from typical F; hybrids from the SD X SC and AB X SC
crosses and their reciprocals. In each plot, one profile
represents the melting curve obtained from rDNA
amplified from genomic DNA isolated from a single
hybrid. The other represents the cDNA profile derived
from rRNA extracted from the same animal. rRNA gene
copies from both populations were evident in genomic
DNA of F; hybrids as expected. In the majority of F;
samples, transcripts representing only one of the two
parental rRNAs were detected in the cDNA (Figure 3).
This pattern of transcriptional dominance was the same
for all F; hybrids with AB genes dominant over SD in the
SD X AB cross and SC genes dominant over SD in the
SD X SC cross. These results establish a clear pattern of
nucleolar dominance in the F, generation and show
that the dominance relationship is independent of the
population origin of the maternal parent.

The results from 39 F, samples are illustrated in
Figure 4, A and B. In each plot, ratios of population-
specific copies of rRNA (yaxis) or rDNA (x-axis) are
expressed as SD/(SD + SC) for the SD X SC cross
(Figure 4A) or SD/(SD + AB) for the SD X AB cross
(Figure 4B). Each point represents the ratio of
population-specific rRNA transcripts and the rDNA
ratio estimated from the genome of a single F; hybrid.
The codominant expectation in these plots is indicated
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F1Gure 3.—Melting peak profiles derived from PCR-ampli-
fied cDNA and genomic DNA from typical F; hybrids. In each
plot, the solid line represents genomic DNA and the dashed
line represents cDNA. (A) SD? X ABJ F, male. (B) ABY X
SDJ3 F; male. (C) SD? X SCJ F; male. (D) SC? X SDJ Fy
male.

by a dotted line. Points above or below the line suggest
dominance in rRNA gene expression. The results in
Figure 4 indicate a strong bias in F; hybrids favoring
rRNA transcription of AB or SC over SD rRNA genes.
In a few F; hybrids, both population-specific transcripts
were detected (Figure 4), but transcription in all cases
was strongly biased against SD genes.

F; hybrids: Melting peak profiles from Fo hybrids
showed a range of expression phenotypes in the SCQ X
SDJ cross (Figures 5 and 6A). In contrast to F; hybrids,
in some cases Fo hybrids showed partial dominance
or codominance in rRNA expression. This is illustrated
in melting peak profiles in which SNP variants were
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F1Gure 4.—Plot of rRNA and rDNA ratios for F, interpop-
ulation hybrids. (A) SD X SC. (B) AB X SD. The dashed line
represents the expectation for hybrids with codominant rRNA
expression.

detected at approximately equal proportions in both
genomic DNA and ¢cDNA (e.g., Figure 5, C, E, and F).
Hybrids with partial dominance or codominant pheno-
types are located on or near the dotted line in Figure 6A
and had a range of SD rDNA gene dosages. This is
evident in Figure 6A, which shows that hybrids with
relative complements of SD rDNA of <1/6 to >5/6
showed evidence of partial dominance or codominance
in rRNA transcription.

The pattern of rRNA expression inferred from 7
SCR X SDJ Fy hybrids showed complete dominance
similar to the F; generation. In these samples, popula-
tion-specific transcripts were detected from only one
source population (e.g., 5D). In all cases where complete
dominance was inferred, the dominance relationship
was the same as that observed in the F; with SC rRNA
genes dominant over SD. Finally, 2 hybrids in the SC? X
SDJ cross were inferred to have rDNA from only one
population consistent with recovery of parental rDNA
genotypes. In 1 SCE X SDJ hybrid we were unable to
detect the presence of SC ribosomal genes, but we de-
tected both SD and SC SNP variants in the cDNA. If
SC genes were present at low frequency (e.g., as a result
of segregation of two or more unlinked arrays, see
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FIGURE 5.—Melting peak
profiles derived from PCR-
amplified cDNA and geno-
mic DNA from Fy hybrids
from the SC® X SDJ cross.
In each plot the solid line
represents genomic DNA
and the dashed line repre-
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DISCUSSION) then they may not have been detected in our
assay. Results from the ABY X SDJ cross are summarized
in Figure 6B. Only 4 of 16 Fy hybrids were inferred to have
rRNA genes from both source populations, but all 4
hybrids showed nucleolar dominance with the same
dominance relationship observed in the F; generation.

DISCUSSION

The enhancer-imbalance model proposes that
enhancer-bearing subrepeat elements in the IGS are
responsible for nucleolar dominance. In Xenopus,
dominance of the X. laevis cluster has been attributed
to fourfold more enhancers in the X. laevis IGS and/or
higher activity of the X. laevis spacer promoter (REEDER
and RoaN 1984; Caupy and PikaarD 2002). Either of
these mechanisms could limit the availability of tran-
scription factors to the underdominant cluster and
result in silencing of X. borealis genes. This enhancer-
imbalance model is attractive because it accounts for the
absence of maternal effects on the pattern of domi-
nance (Honjo and REEDER 1973), why nucleolar domi-
nance is observed in hybrid nuclei (BLACKLER and
GECKING 1972), and also provides a mechanism for
the establishment of dominance early in development
(REEDER and Roan 1984; Reeper 1985). However,
much of what is known about nucleolar dominance in
Xenopus has come from competition assays between
minigene constructs (REEDER and Roan 1984). When

50 56 62 68 74

constructs with X. [laevis regulatory elements are co-
injected into oocytes with constructs containing X.
borealis regulatory sequences, the pattern of transcrip-
tion mimics the dominance relationship observed in the
hybrids (i.e., minigenes containing the X. laevis spacer
are dominant to constructs with the X. borealis spacer).
While these assays have clearly established that tran-
scriptional dominance could be determined by competi-
tion for limiting transcription factors, definitive evidence
for the action of enhancer imbalance in a chromosomal
context has not been established in hybrids of Xenopus
or any other organism (CAauDpY and PIkaarD 2002).
The unusual structure of 7. californicus IGS provided
an opportunity to evaluate whether enhancer-bearing
subrepeats are essential for nucleolar dominance in vivo.
We found that F; hybrids from two interpopulation
crosses show uniparental silencing of rRNA transcrip-
tion despite the absence of internal subrepeats in the
IGS. Consistent with other studies of nucleolar domi-
nance, the pattern of dominance was highly repeatable
among hybrid individuals from both crosses and was
independent of the direction of the cross. This finding
is significant because it suggests that nucleolar domi-
nance in other species may be established and main-
tained in the absence of IGS subrepeats and challenges
the generality of the enhancer-imbalance model. This
highlights additional questions aboutwhether the mech-
anism that produces nucleolar dominance-like expres-
sion of Xenopus minigene constructs is responsible for
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nucleolar dominance in the chromosomal context of a
hybrid nucleus (CAUDY and PIkKAARD 2002).

The pattern of partial dominance or codominance
observed in Fy hybrids from the SC? X SDJ cross is
also inconsistent with predictions of the enhancer-
imbalance model. A simple transcription factor titration
model predicts that transcriptional dominance may be
relaxed when there is a low dosage of the dominant
array (e.g., CHEN el al. 1998). In this situation, transcrip-
tion factors may not be limiting and transcription of the
underdominant cluster could occur. In 7. californicus,
there are at least two unlinked clusters of rRNA genes
(BURTON et al. 2005). Therefore, Fy intercross hybrids
in the SCY X SD3J cross can differ in dosage of the
dominant and underdominant genes due to segrega-
tion in the F;. If transcription factor titration contrib-
utes to nucleolar dominance in 7. californicus, hybrids
with a low dosage of the dominant SC cluster may be
expected to codominantly express their rRNA genes,
but hybrids with high dosage are not. This was not
observed. Rather the relaxation of dominance appears
to be independent of SC rRNA gene dosage and
genotypes with high and low relative copy numbers
of TRNA genes codominantly express their ribosomal
RNA genes. This suggests that some feature other than

dosage of the dominant array of genes and the corre-
sponding availability of transcription factors is respon-
sible for nucleolar dominance in 7. californicus. A similar
observation in Arabidopsis suecica backcross hybrids has
been interpreted as evidence against a transcription
factor titration model (CHEN et al. 1998).

Studies of interecotype hybrids of A. thaliana also
show partially dominant or codominant transcription
of rRNA in advanced generation hybrids. LEwis et al.
(2004) reported that nucleolar dominance in F hybrids
between the Cvi and Ler ecotypes ranged from partial
dominance to complete dominance, similar to the re-
sults reported here. Examination of Fg hybrids in the
same study also found a range of dominance pheno-
types. However, complete dominance was restricted to
genotypes homozygous for the Cvi chromosome 4 nu-
cleolar organizer (NOR) and the Ler chromosome 8
NOR. Interestingly, the pattern of rRNA expression was
found to segregate in the Fg generation as not all hybrids
with the Cvi NOR4/Ler NORS genotype showed nucle-
olar dominance. This observation was partially attrib-
utable to an unlinked QTL (LEwis et al. 2004). The
presence of hybrids with partial dominance/codomi-
nance and others with complete dominance in the
SCR X SD3 cross is also suggestive of a modifier locus
segregating in this cross.

Is the enhancer-imbalance model consistent with
observations from other hybrid organisms? In animals
there is only limited data for comparison with Xenopus.
Hybrids between D. melanogaster and D. simulans show
some similarities to the situation observed in Xenopus.
For example, while D. simulans genes are silenced in
female F; hybrids (Durica and KRIDER 1977), hybrid
females with large deletions in the dominant D. mela-
nogaster IRNA gene cluster express both D. melanogaster
and D. simulans genes (GOODRICH-YOUNG and KRIDER
1989). This is consistent with a prediction of the enhancer-
imbalance model—when transcription factors are not
limiting, the underdominant genes may be transcribed.
However, demonstration of chromosomal position ef-
fects on the pattern of dominance (DuricA and KRIDER
1978) suggests that enhancer imbalance by itself is in-
sufficient to explain the situation in Drosophila (REEDER
1985; PikaArD 2000a). In plants, tests of the enhancer-
imbalance hypothesis have suggested that nucleolar
dominance is unlikely to be attributable to competitive
differences in the ability of rRNA gene clusters to se-
quester transcription factors (CHEN et al. 1998; FRIEMAN
et al. 1999; PikaarD 2000a,b). Instead, there is direct
evidence that epigenetic modification, including DNA
methylation and histone deacetylation, contributes to
rRNA silencing (CHEN and PIKAARD 1997; LAWRENCE
et al. 2004). Such epigenetic changes are thought to
collectively modify the chromatin state of the under-
dominant array making it refractory to transcription.

These observations from plants suggest a general
model for how nucleolar dominance may be enforced in
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plants and animals (for review see PikaarD 2000a,b;
GrRUMMT and P1kAARD 2003). While there is no direct
support for an epigenetic mechanism in nucleolar
dominance in animals, the results reported here and
inconsistencies with the enhancerimbalance model
in other animals could point to a role for epigenetics.
Future work on nucleolar dominance in animals should
focus on whether epigenetic mechanisms are at work
and how the dominance relationship is originally es-
tablished. Additional insight into these questions may
be gained from studies of 7. californicus and other ani-
mal hybrids that initially should evaluate the methyla-
tion status of silenced rRNA genes.
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