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ABSTRACT

Ribosomal (r) DNA undergoes concerted evolution, the mechanisms of which are unequal crossing over
and gene conversion. Despite the fundamental importance of these mechanisms to the evolution of
rDNA, their rates have been estimated only in a few model species. We estimated recombination rate in
rDNA by quantifying the relative frequency of intraindividual length variants in an expansion segment of
the 18S rRNA gene of the cladoceran crustacean, Daphnia obtusa, in four apomictically propagated lines.
We also used quantitative PCR to estimate TDNA copy number. The apomictic lines were sampled every 5
generations for 90 generations, and we considered each significant change in the frequency distribution
of length variants between time intervals to be the result of a recombination event. Using this method, we
calculated the recombination rate for this region to be 0.02—-0.06 events/generation on the basis of three
different estimates of rDNA copy number. In addition, we observed substantial changes in rDNA copy
number within and between lines. Estimates of haploid copy number varied from 53 to 233, with a mean
of 150. We also measured the relative frequency of length variants in 30 lines at generations 5, 50, and 90.
Although length variant frequencies changed significantly within and between lines, the overall average
frequency of each length variant did not change significantly between the three generations sampled,

suggesting that there is little or no bias in the direction of change due to recombination.

HE ribosomal (r)DNA of metazoan animals is a
large multigene family consisting of one or more
arrays of tandemly repeated units. Each unit contains
one copy of the 18S, 5.8S, and 28S rRNA genes sep-
arated by spacers. These arrays make up the nucleolar
organizing regions and can be located on one or more
chromosomes. Generally, rRNA gene copies retain a
high degree of sequence similarity within species. This
similarity is caused by a homogenization process, known
as concerted evolution, which results from recombina-
tion within and between rDNA arrays (Dover 1982;
ARNHEIM 1983; ZIMMER et al. 1983). Two specific recom-
bination mechanisms that drive concerted evolution are
unequal crossing over and gene conversion, both of
which can occur during meiosis and mitosis.

Mitotic recombination occurs in all eukaryotes and
is intimately involved in the repair of damaged DNA
(HeLLEDAY 2003). It can be stimulated in many ways
including single-strand DNA breaks, mismatches, tran-
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scription, and replication. In addition, the formation of
structures in the DNA that inhibit normal transcription
and replication, such as replication fork blocks (re-
viewed in AGUILERA et al. 2000) and other types of DNA
damage (e.g., methylation or oxidation), can stimulate
recombination during mitosis. Double-stranded DNA
breaks, which are thought to induce the majority of
recombination events in meiosis, can also occur during
mitosis and induce recombination (PAQUEs and HABER
1999; PraDO et al. 2003; AyLoN and Kupriec 2004). While
mitotic recombination is a ubiquitous process, its oc-
currence may not be uniformly distributed throughout
the genome. For example, there is some evidence that
chromatin structure mediated by the protein SIR2 may
play a role in suppressing recombination in rDNA (re-
viewed in AGUILERA et al. 2000).

Despite our growing understanding of the genes and
mechanisms involved in recombination, little is known
about its rate in rDNA, which has important implica-
tions for the process of concerted evolution in rDNA in
natural populations. This gap in our knowledge results
from the fact that measuring recombination rates ex-
perimentally can be a difficult task, even in model or-
ganisms. Nevertheless, many elegant experiments have
been done to estimate the number of recombination
events per generation in the rDNA of Saccharomyces
cerevisiae [e.g., 1 X 107%/generation (SzosTAK and Wu
1980), 1.3 X 10* (MERKER and KrriN 2002), and
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7.4-7.5 X 107° (KoBAYASHI el al. 2004)] and in the
rDNA of murine cells [1.2-1.8 X 10~° (NELSON ef al.
1989)]. Statistical approaches have also been developed
to estimate recombination rates indirectly from popu-
lation genetic data (reviewed in STUMPF and MCVEAN
2003), but these methods need empirical confirmation.
In this study, we estimate the recombination rate in the
rDNA of Daphnia obtusa by quantifying changes in the
frequency of length variants of the 185 rRNA expansion
segment 43/e4 through time in apomictically propa-
gated lines that were established from a single wild-
caught female.

Daphnia (Crustacea: Anomopoda) are small, fresh-
water organisms that generally reproduce by cyclic
parthenogenesis. When environmental conditions are
favorable, females produce diploid eggs via apomictic
parthenogenesis (apomixis), which develop directly
into females. Environmental cues trigger the produc-
tion of meiotically produced haploid diapausing eggs
that require fertilization by males. An analysis of re-
striction site polymorphism has shown that organisms
that reproduce parthenogenetically have highly homog-
enized rDNA repeats, demonstrating that the frequency
of recombination events during germ-line apomixis
is sufficiently high for concerted evolution to occur
(CrEASE and LyncH 1991).

Expansion segments are regions within the rDNA that
exhibit high sequence diversity within species and,
in some cases, within individuals. Regardless of their
length, expansion segments tend to fold into energet-
ically stable hairpin or helical secondary structures in
the rRNA, which may or may not contain unpaired
nucleotides that form bulges or loops. For a given se-
quence length and base composition, the energetic
stability of helices containing unpaired nucleotides is
generally lower than that of helices in which all nucleo-
tides are involved in base pairing.

Previously, McTAacGaRT and CRrEASE (2005) exam-
ined the frequency of length variants in expansion
segment 43/e4 of the 18S rRNA (see WuyTs et al. 2001
for a diagram showing the location of all expansion
segments in the 18S rRNA gene) in six individuals from
four North American populations of D. obtusa. They
identified two pairs of short (di- or trinucleotide) indel
sites that pair with each other when the secondary struc-
ture of the sequence is formed. They found that the
length variants containing energetically stable struc-
tures, i.e., those in which indels do not result in a de-
stabilizing bulge (compensated length variants), were
present at a wide range of frequencies, while variants
containing indels that do cause a bulge (uncompen-
sated length variants) were present only at low frequen-
cies. These results suggest that uncompensated length
variants are selectively disadvantageous, while compen-
sated length variants are selectively neutral with respect
to one another. Furthermore, the frequency distribu-
tion of the compensated length variants suggests that

there is no bias in the frequency changes caused by re-
combination. However, McTAGGARTand CREASE (2005)
were unable to show this definitively due to the small
number of individuals examined and the fact that the
populations sampled may have been experiencing dif-
ferent selective constraints. If there is no bias in the di-
rection of length variant frequency change caused by
recombination, then we predict that the frequency of
compensated length variants should change randomly
within and between the apomictic lines through time
in the absence of selection. Here, we test this prediction
in addition to providing an estimate of the rate of re-
combination in the rDNA of apomictically propagated
D. obtusa lines.

MATERIALS AND METHODS

Establishment and maintenance of the apomictic D. obtusa
lines: A single female D. obtusa was isolated in May 2001 from
the pond in Trelease Woods near Urbana, Illinois. An apo-
mictic line was established and maintained under standard,
uncrowded conditions at 20° and well fed. All animals were
kept in beakers of filtered (1 wm) lake water. In October 2001,
a single individual was randomly chosen to be the stem mother
for all of the experimental apomictic lines. A total of 48
apomictically produced daughters were collected from the
stem mother and each was used to initiate an experimental
line. The standardized procedure for propagating the exper-
imental lines was as follows: 8-10 days following the start of the
previous generation, a single randomly chosen female off-
spring was transferred to a new beaker of lake water. Mat-
uration takes place after ~7 days at 20°, which ensured that the
transferred individual was a daughter and not a granddaugh-
ter. If aline had not produced offspring by the time of transfer,
the mother was transferred to anew beaker and the generation
number for that line was not increased.

In addition to the focal individual transferred, two of her
sisters were transferred into separate beakers to serve as back-
ups. Backups were used for a transfer when the focal individual
either died before reproducing or produced only male off-
spring and/or diapausing eggs over her entire life. Through-
out the course of the project, backups were used in ~10% of
the transfers. Use of backups neither showed a trend over time
nor was clustered in certain lineages (J. L. DubYCHA, un-
published data). Approximately every fifth generation, sisters
of the focal individual were collected and frozen at —80° for
the molecular analyses described below.

Several steps were taken to minimize the risk of exogenous
contamination and cross-contamination among the lines. Bea-
kers were kept covered to prevent splash contamination when
they were not in use. Pipettes used to handle the animals were
rinsed in nearly boiling water after each transfer to kill any
neonates that may have adhered to the pipette. To safeguard
against exogenous contamination, all lines were scored for 8-
12 microsatellite loci at generation ~40 and were confirmed to
be identical to each other ( J. L. DunpycHA, unpublished data).
In addition, all lines were morphologically inspected and di-
agnostic allozyme loci were analyzed at generation ~90. Iden-
tifying cross-contamination among the apomictic lines was
more difficult. However, at generation ~100, 16 nuclear genes
were sequenced in the lines and only two pairs of lines (4 and
10, 8 and 14) had similar sequence profiles (A. OMILIAN, un-
published data), suggesting shared mutational events or cross-
contamination. These lines were included in the final analysis
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of the coarse-grained time series (see Data analysis) as their
exclusion did not alter the results.

DNA analysis: For each generation that was sampled within
each line, total genomic DNA was extracted from 2-50 pooled,
apomictically produced sisters using the CTAB method
(DoyLE and DoyLE 1987). DNA samples were obtained for
30 lines at generations 5, ~50 (generations 49-59), and ~90
(generations 80-92). These lines were sampled only three
times and are referred to as the coarse-grained time series. Due
to occasional sampling difficulties, 10 lines were not sampled
at all three times. These include 5 lines that were sampled only
at generation 5, 2 lines that were sampled only at generations 5
and ~50, 2 lines that were sampled only at generations 5 and
~90, and 1 line that was sampled only at generations ~50 and
~90. A total of 35 lines were sampled at least twice. The fine-
grained time series consists of four lines (3, 12, 29, and 30) that
were sampled approximately every 5 generations, starting at
generation 5 and ending at approximately generation 90.

The 18S rRNA expansion segment 43/e4 was amplified
from 1 pl (20-200 ng) of each genomic DNA sample using the
primers 1522F (5’-HEX-ATTCCGATAACGAACGAG) and
1880R (5'-GAAGACTGCGTGACGGAC) in a 10-pl reaction
containing 10 mm Tris—-HCI, pH 8.3, 20 mm KCI, 1.5 mm MgCls,
0.05 mM of each of ANTP, 0.75 pum of each primer, and 1 unit of
Taq polymerase. Amplification conditions were 94° for 1 min
and 35 cycles of 94° for 20 sec, 55° for 20 sec, 72° for 1 min,
followed by 72° for 5 min. Each of the fluorescently labeled
PCR products was electrophoresed on a 7% polyacrylamide
(19:1) denaturing gel at 35 W for 5 hr. Each gel was scanned
with a Hitachi FM BIOII scanner on channel 2. The bands
within each lane were marked by hand on the resulting gel
image using the FM BIOII software. The six length variants
that were observed among all of the samples were each marked
in every lane, even if they could not be detected by eye. The FM
BIOII analysis tool was used to quantify the relative fluorescent
signal of each band as a function of the total intensity within
each lane. We amplified and analyzed the expansion segment
from each DNA sample three times to evaluate the reproduc-
ibility of the band intensity estimates. The average intensity of
each band from the three PCR products was calculated for
each sample at generations 5 (N= 39), ~50 (N=33),and ~90
(N=33). The average band intensities were used as a measure
of the relative frequency of the length variants. In addition,
the impact of PCR cycle number on the relative frequency
of length variants was determined by amplifying six of the
samples at each of 35, 30, and 25 cycles. All other PCR con-
ditions remained the same as those described above.

To sequence each of the length variants, a PCR product was
amplified from one DNA sample (line 12, generation 10) with
primers 1413F (5-TCACCAGGCCCGGACACTGGAAGG)
and 2004R (5'-TGGGGATCATTGCAGTCCCCAATC), ligated
into the pGEM plasmid (Promega, Madison, WI) and trans-
formed into DH5a cells (Invitrogen, Carlsbad, CA), according
to the manufacturer’s instructions. Plasmid DNA was isolated
from 48 of the resulting colonies using the Millipore (Billerica,
MA) Plasmid Miniprep kit. To determine the insertsize, 2 pl of
the plasmid preparation was used in a 10-ul PCR reaction
containing the primers 1522F (HEX) and 1880R as described
above. One plasmid containing each length variant was se-
quenced using the BigDye 3.1 terminator kit (Applied Bio-
systems, Foster City, CA) on a 3730 Genetic Analyzer (Applied
Biosystems).

Quantitative PCR: Haploid rDNA copy number was esti-
mated for a subset of the fine-grained time series samples
using the relative quantification method of quantitative PCR
(qPCR), which compares the rate of amplification of rDNA to
that of a single-copy reference gene (user bulletin no. 2, ABI
7700 SDS; Applied Biosystems). The entire 18S rRNA gene of

Daphnia pulex has been cloned and sequenced (GenBank
accession no. AF014011) (Creast and COLBOURNE 1998) and
we used this clone to conduct preliminary experiments. We
chose two single-copy nuclear genes that were present in
cDNA libraries of D. pulex and Daphnia magna. PCR primers
were designed in conserved regions shared by these two
species and used to amplify these genes from D. obtusa
genomic DNA. These PCR products were cloned into the
PCR 4-TOPO vector (Invitrogen) according to the manufac-
turer’s instructions. We used one TOPO plasmid clone of each
gene for our preliminary qPCR experiments. BLAST analysis
of these two genes indicated that one of them is likely to be a
member of the Rab subfamily of small GTPases, while the
other is likely to encode a transcription initiation factor. For
the purposes of this study, we refer to them as GTP and TIF,
respectively.

Primers for qPCR were designed from plasmid clones of
D. pulex (18S rRNA gene) and D. obtusa (GTP and TIF genes),
using the ABI Primer Express software (version 2.0, Applied
Biosystems). All primer pairs produce a 50-nt amplicon. The
18S rRNA gene primers are located just downstream of the 43/
e4 expansion segment in a conserved region that is identical
in cloned sequences from D. obtusa (this study) and D. pulex
(AF014011). The primer sequences are as follows: 18S rRNA
forward, 5'-CCGCGTGACAGTGAGCAATA; 18S rRNA reverse,
5'-CCCAGGACATCTAAGGGCATC; GTP forward, 5'-TATTCA
GCATGGAGAGACGGC; GTP reverse, 5'-GATGTCGACTGAC
GCTGGAA; TIF forward, 5'-GACATCATCCTGGTTGGCCT;
and TIF reverse, 5'-AACGTCAGCCTTGGCATCTT.

To estimate relative amplification efficiency between the
18S rRNA gene and each of the single-copy genes, we did pre-
liminary experiments using the plasmid clones as templates.
We created a composite template containing all three genes in
equal copy number (3,000,000) by mixing the three plasmids
together. This template was then serially diluted to create four
additional templates containing 300,000, 30,000, 3000, and
300 copies. We performed a qPCR experiment in which each
of these five concentrations for each gene was measured in
duplicate and then generated a plot of log (DNA concentra-
tion) against ACt for each single-copy gene in comparison
with rDNA, where Cr is the threshold cycle and ACr is the
difference between Crfor rDNA and the single-copy reference
gene. Cr is the cycle number at which the intensity of fluo-
rescence from a reporter dye in the sample, in this case SYBR
Green, exceeds a fixed threshold that is set above the back-
ground baseline. The threshold should be set close to the
baseline and well within the exponential phase of the am-
plification reaction.

The absolute value of the slope of the regression line for
each gene was <0.1 in both cases (—0.052 for rDNA relative to
GTP and 0.074 for rDNA relative to TIF), indicating that the
relative amplification efficiency of these genes is sufficiently
similar to allow the use of the relative quantification method
(user bulletin no. 2, ABI 7700 SDS; Applied Biosystems). In
addition, we performed preliminary experiments with several
samples of genomic DNA from the D. obtusa lines and found
that using a template quantity of =10 ng gave a relative copy
number very close to one when the single-copy genes were
compared to one another. On the other hand, template quan-
tities beyond 20 ng caused a high baseline and thus inter-
fered with establishment of the threshold for subsequent Ct
estimation.

All qPCR reactions were 20 pl in volume and contained 1X
Power SYBR Green Master Mix (Applied Biosystems), 10 pmol
of each primer, and 20 ng of template in the case of genomic
DNA samples from the D. obtusa apomictic lines. The 260/280
ratio of these DNA samples is ~2.0, indicating that they also
contain RNA, so the actual amount of DNA in each qPCR
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reaction was substantially less than the estimated value.
However, it is not necessary to know the exact amount of
DNA template that is used in relative quantification experi-
ments, as long as it is not so high that it interferes with
subsequent Cr analysis.

Amplification was performed on an ABI 7000 SDS real-time
thermal cycler (Applied Biosystems), using the default param-
eters for thermal cycling (50° for 10 min, 95° for 1 min,
followed by 40 cycles of 95° for 15 sec and 60° for 1 min) and
for analysis [automatic threshold cycle (Ct) and baseline].
The threshold for Ct estimation was set to 0.3 (the default
value is 0.2) so that we could use template quantities of 20 ng.
Each gene from each sample was amplified in duplicate.

We averaged duplicate Cr-values within an experiment,
calculated the difference in average Cr between rDNA and
one of the single-copy genes (ACrt), and then used the value of
27ACr a5 the estimate of haploid rDNA copy number. On the
basis of the range of estimates that we obtained using qPCR, we
replicated all relevant analyses using three values of haploid
rDNA copy number, 120, 160, and 200.

Data analysis: Coarse-grained time series: To estimate changes
in the length variant frequency distribution between lines
within a generation (i.e., generation 5), we compared the
length variant frequencies of each line to those of one other
line (the next line in the numerical sequence) from the same
generation with a G-test. The probability values for all G-tests
were sequentially Bonferroni corrected for multiple tests
(Rice 1989). Results were considered to be significant if the
probability values were <0.01. We did not compare the length
variant frequency distribution in all pairwise comparisons
within a generation due to the loss of statistical power in
multiple tests. In addition, we compared the length variant
frequency distributions from the same line from two consec-
utive samples (i.e., from generation 5 to ~50 or from ~50 to
~90) with a G-test.

Fine-grained time series: Sequentially Bonferroni-corrected
(Rice 1989) G-tests were used to determine if differences in
the distribution of length variant frequencies between each
consecutive time interval (i.e., generations 5-10, generations
10-15, etc.) are significant within each of lines 3, 12, 29,
and 30.

Recombination events were counted in two ways. First, we
counted the number of time intervals that had a significant G-
value. We considered that every time interval with a significant
shift in the distribution of length variant frequencies was
caused by a single recombination event. The final rate of
recombination was calculated as the total number of signifi-
cant events in each line, divided by the total number of
generations elapsed. Second, we calculated the residual values
for each length variant from the G-tests within each time
interval. We considered any length variant that had a residual
value >2 or < —2 to have changed substantially during the
time interval. Thus, in this second test, if at least one residual
value within a time interval was >2 or < —2, a recombination
event was counted, even if the overall G-score was not sig-
nificant. Both of these methods of counting recombination
events are conservative and are likely to underestimate the
actual number of events. However, because it is possible for a
single recombination event to change the frequency of more
than one length variant (for example, if variants are clustered
together within the array), we counted only one event for any
particular time interval, even if more than one residual value
was < —2 or >2. Furthermore, this method is unable to detect
equal exchanges between sister chromatids or recombination
events that do not change length variant frequencies to the
extent that we can detect them on the gels. Finally, if a
recombination event occurs between chromatids from homo-
logs, and the four chromatids segregate such that both par-
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FIGURE 1.—(A) Secondary structure of a portion of rRNA
expansion segment 43/e4 showing the putative nucleotide
pairing of six indel sites. Boundaries between adjacent indel
sites are indicated with a vertical dashed line. (B) Indel sites
are classified as [+] if the nucleotides are present and [—]
if the nucleotides are absent. In this example, sites 1-6 and
2-5 are uncompensated, while indel sites 3 and 4 are compen-
sated. Thus, the genotype of this variant would be [——+ +++].

ental chromatids or both recombinant chromatids end up in
the same daughter cell, we will not be able to detect a recom-
bination event because the relative frequencies of length var-
iants will not change from the parental frequencies.

RESULTS

PCR amplification of expansion segment 43/e4 from
the D. obtusa experimental lines revealed six length var-
iants (V1-V6), which vary in length from 319 to 333 nt.
The length variation is due to six indel sites (1-6) that
form three complementary pairs, such thatsites 1 and 6,
2 and 5, and 3 and 4 are opposite each other in the
secondary structure (Figure 1A). Length variants are
designated as compensated if nucleotides are either
present [+] or absent [—] at both complementary sites
of any pair (Figure 1B). From the sequences of the dif-
ferent length variants, we found that V1, V3, V4, V5, and
V6 are compensated, whereas V2 is uncompensated. V2
could be a mixture of four different uncompensated var-
iants of the same length, while V3 could be a mixture of
two compensated variants (Figure 2). However, only one
representative of each length variant was sequenced.
The fact that more than one variant could be present
within these two size classes will result in a more con-
servative estimate of recombination frequency.

Expansion segment 43/e4 was amplified three times
from a total of 160 samples. The average standard de-
viations relative to the average band intensities of each
length variant (Table 1) show that estimates of relative
variant frequency based on band intensity are repro-
ducible. The standard deviation of three amplifications
at 35, 30, and 25 cycles was of the same magnitude as that
for the three replicates done at 35 cycles (0.002-0.012
across all fragments in the six samples), showing that
cycle number of the PCR reaction has no impact on the
relative frequency of the length variants.
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rDNA copy number: Twenty-five samples were cho-
sen from the fine-grained time series for copy number
analysis, 6 from each of lines 3, 12, and 29, and 7 from
line 30. Samples within lines with substantially different
length variant frequencies were chosen, as were those
whose length variant frequencies were similar to one
another (see Fine-grained lime series results). Estimates
of haploid rDNA copy number range from 53 to 233
(Table 2) and vary substantially between samples within
lines even when there are no significant changes in
length frequency during the time intervals. The mean
copy number of the four lines at generation 5, which is
the first generation at which the lines were sampled
after establishment from the stem mother, is 160. The
mean and median of the 25 samples analyzed are 150
and 159 copies, respectively. Thus, we chose haploid
copy numbers of 120, 160, and 200 for the G-tests to
determine the effect of the copy number variation on
the estimation of length variant frequency change and
recombination rate.

The relative copy number of the GTP gene relative to
TIF is, as expected, very close to 1 in most samples
except those from line 3 (Table 2), where the GTP copy
number is consistently higher than that of TIF. It is not
clear if this represents a duplication of one GTP allele or
a mutation in an allele of another member of the GTP

TABLE 1

Mean frequency and mean standard deviation of six length
variants (V1-V6) of rRNA expansion segment 43/e4 in apo-
mictically propagated lines of Daphnia obtusa

Length variant

Vi V2 V3 V4 V5 V6

Mean frequency 0.211 0.025 0.205 0.249 0.286 0.024
Mean standard  0.022 0.014 0.027 0.027 0.028 0.013
deviation

The expansion segment was amplified three times from
each of 160 DNA samples. The average frequency and the
standard deviation of each length variant were calculated
for each sample, and then these values were averaged across
all samples.

p [Ht=t++], [+++ =++], [+++ +-14]

FIGURE 2.—Gel image of the six length variants
in rRNA expansion segment 43/e4 from 10 apo-
mictic lines of Daphnia obtusa. The lines have
diverged from each other for ~90 generations.
Each lane represents one apomictic line. The
“= V4 Janes are labeled with the line number and the
«\g generation at which the line was sampled (e.g,
6-84 denotes line 6 sampled at generation 84).
The indel genotype and length of each variant
are shown below the gel image (see Figure 1).
The genotype that was observed in the sequenced
clonesis [+—+ +++] for V2 and [+—+ +—+]
for V3. The relative mobilities of the six length
variants are indicated on the size standards in
the first and last lanes.

ize
Standard
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gene family that allows the primers to amplify it to some
extent or whether it could be a mutation in one allele of
the TIF gene that substantially decreases its amplifica-
tion efficiency. Regardless of the reason for the differ-
ence, the estimate of rDNA copy number based on one
of the genes is not correct (either too low in the case of
GTP or too high in the case of TIF) but it is not clear
which one. Thus, we used the mean of the two estimates
(Table 2) in the calculation of the mean and median
copy number, as we did for the other samples.

Coarse-grained time series: The length variant fre-
quencies among all lines at generation 5 are similar to
one another (Figure 3A), while length variant frequen-
cies vary greatly and without a consistent pattern across
all of the lines at generations ~50 (Figure 3B) and ~90
(Figure 3C). Twenty-one of the 38 line-to-line differ-
ences (55%) in length variant frequency are significant
atgeneration 5, on the basis of an rDNA copy number of
160, while 27 of 32 comparisons (84%) at generation 50
and 28 of 32 (88%) comparisons at generation 90 are
significant. The difference between generation 5 and
generation 50 or 90 is more evident at an rDNA copy
number of 120, where only 29% of the comparisons are
significant at generation 5, compared to 84% at gener-
ation 50 and 72% at generation 90.

Twenty-five of 30 (83%) pairwise comparisons be-
tween the length variant frequency distributions from
the same line at generations 5 and ~50 and 17 of 30
comparisons between generations ~50 and 90 (57%)
are significantly different on the basis of an rDNA copy
number of 160. A similar decrease in the number of
significant length frequency distributions was obtained
for an rDNA copy number of 120 (73% of the compar-
isons between generations 5 and ~50 are significant,
compared to 50% of the comparisons between gener-
ations ~50 and ~90) and an rDNA copy number of 200
(87% of the comparisons between 5 and ~50 are signifi-
cant, compared with 63% between generations ~50 and
~90). Examination of the residual values from these
G-tests shows that the frequency of each length variant
changed significantly in at least one line over the en-
tire time interval except for length variants V2 and V6.
In addition, the length variant frequency distribution
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TABLE 2

Quantitative PCR estimates of haploid rDNA copy number in apomictically propagated lines of Daphnia obtusa

rDNA copy  rDNA copy  Mean rDNA  GTP copy  Sig.
Line Gen®  Plate’ Cr° rDNA Cr° GTP Cr° TIF no. GTP? no. TIF? copy no. no. TIF? diff.”
3 5 B 16.74 24.02 23.97 156 150 153 0.96 —
3 20 A 15.44 22.26 22.56 113 139 126 1.23 N
3 35 A 17.47 24.38 25.10 120 197 159 1.64 Y
3 55 B 16.49 23.62 23.92 140 172 156 1.23 Y
3 56 B 16.41 23.85 24.26 174 232 203 1.33 N
3 65 B 15.62 22.86 23.35 151 211 181 1.40 N
12 5 B 16.44 23.94 24.10 180 201 191 1.12 —
12 25 A 16.05 23.61 23.70 189 200 195 1.06 Y
12 25 B 16.23 23.84 23.89 196 203 200 1.03 Y
12 30 A 16.03 23.87 23.98 228 247 237 1.08 N
12 30 B 16.17 24.02 24.00 231 227 229 0.99 N
12 55 A 16.30 23.68 23.80 165 181 173 1.09 Y
12 85 A 16.71 23.32 23.39 97 102 100 1.05 Y
12 89 A 16.46 23.30 23.47 114 129 122 1.13 N
12 89 B 16.80 23.62 23.50 113 104 109 0.92 N
29 5 B 16.76 24.24 24.08 178 160 169 0.90 —
29 20 A 15.38 22.40 22.32 130 123 126 0.95 Y
29 40 B 15.81 23.35 23.27 186 177 182 0.95 N
29 45 B 16.38 23.95 24.06 190 204 197 1.08 N
29 60 A 16.08 23.45 23.71 166 198 182 1.19 N
29 60 B 16.48 24.15 24.01 203 186 195 0.91 N
29 80 A 15.56 22.90 22.94 162 167 165 1.03 N
30 5 A 16.67 23.49 23.89 113 149 131 1.32 —
30 5 B 16.71 23.74 23.58 131 117 124 0.89 —
30 10 A 16.53 23.82 23.66 156 140 148 0.90 N
30 25 A 16.43 23.89 24.13 176 208 192 1.18 Y
30 60 A 16.65 22.75 22.83 69 73 71 1.06 Y
30 65 B 17.45 23.23 23.13 55 51 53 0.93 N
30 80 B 18.19 24.27 24.53 68 81 74 1.20 Y
30 92 B 17.47 23.51 23.76 66 78 72 1.19 N
“ Generation.

*The results are based on two experiments. Samples with the same letter were run in the same experiment (A or B). Five samples
(12-25, 12-30, 12-89, 29-60, and 30-5) were run in both experiments.

‘Threshold cycle. Each value is the mean of two replicates.

“Haploid copy number of the first gene listed, relative to the second gene (e.g., rDNA relative to GTP in column 7) was cal-
culated as 2727 where ACr is the difference in threshold cycle between the two genes.

‘A “Y” indicates that there was at least one significant change in length variant frequencies between that generation and the
previous one for which rDNA copy number was determined (e.g., between generations 20 and 35 in line 3). An “N” indicates that
variant frequencies did not change significantly. Results for all time intervals in each of these four lines are shown in Figure 4.

averaged over all the lines is not significantly different
between generations 5 and 50 on the basis of an rDNA
copy number of 160 (G = 9.46, d.f. =5, P= 0.09; Table
3). Moreover, the residual values for each length variant
fall between —2 and 2. Consistent with this result, there
is no significant difference in the average length variant
frequency distributions between generations 5 and 50
on the basis of an rDNA copy number of 120 (G = 7,
d.f. =5, P=0.21) or 200 (G= 12, d.f. =5, P= 0.04).
Similarly, no significant difference was detected be-
tween generations 50 and 90 on the basis of an rDNA
copy number of 160 (G =2, d.f. =5, P= 0.85; Table 3).

Fine-grained time series: The length variant frequen-
cies within each of the four fine-grained time series ap-
pear to be changing randomly through time (Figure 4).

For example, V5 increases in line 30, decreases in line
12, and remains fairly constant in lines 3 and 29. Addi-
tionally, all length variant frequencies appear to be
relatively constant in line 29, whereas in line 30 V5 in-
creases dramatically and remains dominant to the last
sample analyzed. This change in the frequency of V5 is
also accompanied by a substantial decrease in rDNA
copy number, from ~190 to ~70, sometime between
generations 25 and 60 (Table 2) that is also maintained
until the last sample. The only similarity among the
four lines in the fine-grained time series is that V2
and V6 are generally found at much lower frequencies
(<5%) than the other length variants.

As expected, estimates of recombination rate based
on the G-tests decrease with decreasing rDNA copy
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F1GURe 3.—Frequency of length variants of rRNA expansion segment 43/e4 in 40 apomictically propagated Daphnia obtusalines.
Each estimate is the average from three PCR reactions. The x-axis of all graphs is the line number (1-40) and the generation at
which the line was sampled. (A) Length variant frequencies at generation 5. (B) Length variant frequencies at generation ~50.

(C) Length variant frequencies at generation ~90.

number, such that the average estimates across the four
lines for 200, 160, and 120 haploid copies are 0.04, 0.04,
and 0.02 recombination events per generation, respec-
tively (Table 4). Estimates based on the residual values
are 0.06, 0.06, and 0.04 recombination events per gen-
eration for copy numbers of 200, 160, and 120, respec-
tively (Table 4).

DISCUSSION

Length variant frequency distributions changed
between one and six times within a line over the ~90-
generation period, on the basis of the G-test and assum-
ing a haploid rDNA copy number of 160. Moreover, we
observed changes in individual length variant frequency
as large as 33%. The range of rDNA recombination
rate estimates available to date spans several orders of
magnitude (10-*~107° events per generation; see Intro-

duction), and our results are at the high end of this
spectrum (2 X 107°-6 X 107? events per generation).
The high frequency of recombination is exemplified by
the fact that within 5 generations >50% of the coarse-
grained lines had changed significantly from the other
line to which they were compared. This was unexpected
because our technique is likely to yield an underesti-
mate of the true recombination rate, for the reasons
outlined in MATERIALS AND METHODS.

If our estimated recombination rate is reasonably ac-
curate, then sequence homogenization among rDNA
gene copies in D. obtusa could be very rapid. Previous
studies have shown that the length variants in expan-
sion segment 43/e4 isolated from individual D. obtusa
from widely distributed populations are the same, al-
though not all variants are found in every population
(McTAGGART and CrEASE 2005). This suggests that the
length variants are old and that ongoing replication
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TABLE 3

S. J. McTaggart et al.

Frequency of length variants of rRNA expansion segment
43/e4 averaged across all of the apomictically propagated
Daphnia obtusa lines at generations 5, ~50, and ~90

TABLE 4

Number of recombination events per generation in the rDNA
of four apomictically propagated Daphnia obtusa lines

Gtest: Residual:

Generation Haploid rDNA copy no. Haploid rDNA copy no.
Variant 5 50 90 Line Gen 120 160 200 120 160 200
V1 0.257 (0.009) 0.185 (0.022) 0.178 (0.023) 3 92  0.01 0.03 0.04 0.04 0.05 0.09
V2 0.032 (0.002) 0.029 (0.003) 0.025 (0.002) 12 91 0.05 0.07 0.07 0.05 0.07 0.07
V3 0.210 (0.011) 0.235 (0.024) 0.264 (0.032) 29 86 0.00 0.01 0.02 0.01 0.07 0.03
V4 0.296 (0.013) 0.274 (0.022) 0.293 (0.031) 30 92 0.03 0.03 0.03 0.03 0.04 0.04
V5 0.179 (0.005) 0.258 (0.026) 0.218 (0.029) Mean 0.02 0.04 0.04 0.04 0.06 0.06
V6 0.026 (0.002) 0.019 (0.002) 0.022 (0.002)

Standard errors of the estimates are given in parentheses.
The length variant frequency distributions are significantly
different between generations 5 and 50 (see text), although
none of the residual values for any of the length variants were
< —2 or >2. The number of lines at generation 5 is 39 and the
number of lines at generations ~50 and ~90 is 33.

slippage events are not a suitable explanation for their
persistence. Alternatively, some of the length variants
could be generated de novoby recombination. For exam-
ple, recombination at different locations between the

The recombination rates were calculated using two ap-
proaches. In the G-test method, one recombination event
was counted if a G-statistic was significant for a given time in-
terval. In the residual method, one recombination event was
counted if at least one residual value within a time interval was
< —2 or >2. Gen, total number of generations for each line.

longest (V1) and the shortest (V6) length variant can
yield all of the other observed variants. This may also
generate length variants that we did not observe, per-
haps because they are energetically unstable and there-
fore do not persist. If the length variants were old, then
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FIGURE 4.—Frequency of length variants of rRNA expansion segment 43/e4 in each of four apomictically propagated Daphnia
obtusa lines. The lines were sampled approximately every five generations. Asterisks indicate significant G-scores, and arrows in-
dicate length variants with residual scores < —2 or >2 for a particular time interval. These analyses are based on an rDNA copy
number of 160 per haploid genome.
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we would predict that different compensated length
variants would go to fixation via genetic driftin D. obtusa
populations that are isolated from one another. A pre-
liminary analysis of the frequency of length variants in
expansion segment 43/e4 from 24 D. obtusa populations
across its North American range (S. J]. MCTAGGART and
T. J. CreasE, unpublished data) indicates that all in-
dividuals surveyed (n = 3-10 per population) within
three populations are indeed fixed for one of the
compensated length variants (V1 in all cases). This geo-
graphic comparison supports the hypothesis that the
length variants are old and furthermore shows that
the presence of intraindividual length variation in ex-
pansion segment 43/e4 is not a ubiquitous characteris-
tic of D. obtusa populations, as was previously thought
(McTAcGARrT and CreASE 2005).

Although the data from our study cannot identify the
recombination mechanisms that are responsible for the
changes that we observed, the wide range of length var-
iant frequency changes detected (2-33%) within short
time intervals suggests that we are detecting more than
one type of event. Recombination events can be divided
into two general classes depending on whether or not
they change rDNA copy number. Events that do not
change rDNA copy number include equal crossover and
gene conversion. Previous studies have provided evi-
dence that interchromosomal recombination occurs
less frequently than intrachromosomal recombination
in rDNA (ScHLOTTERER and Tautz 1994; Liao et al
1997), and there is some indirect evidence that this is the
case in D. pulex TDNA (CreASE 1995). Thus, it is likely
that the length variant frequency changes we observed
are primarily due to unequal sister chromatid or intra-
chromatid exchange, both of which will result in gene
copy number change. Indeed, our qPCR analysis of sam-
plesin the fine-grained time series shows that rDNA copy
number can indeed change substantially in only a few
generations. The largest change occurred in line 30 be-
tween generation 25 and 60 when copy number de-
creased from ~190 to ~70 and then remained low until
the last sample analyzed. This is consistent with a sub-
stantial increase in the frequency of V5 at the expense
of all the otherlength variants in this line. Moreover, the
association of substantial changes in variant frequency
with copy number changes provides indirect evidence
that length variants are clustered along an rDNA array.

Changes in rDNA copy number of the magnitude that
we observed have also been observed in replicate lines of
Drosophila melanogaster, with copy numbers on the X chro-
mosome varying between 140 and 310 after 400 gen-
erations of laboratory culture (AVERBECK and EICKBUSH
2005). Furthermore, the similarity between copy num-
ber estimates in D. obtusa (53-233) and D. melanogasteris
consistent with the similarity of their genome sizes: 180
Mb for D. melanogaster (ApaMs et al. 2000) and 200 Mb
for D. pulex, a close relative of D. obtusa (draft genome
sequence, Joint Genome Institute).

In the coarse-grained time series, each of the com-
pensated length variants is present at a wide range of
frequencies, except for V6, which is present only at low
frequencies. Even so, the average length variant fre-
quency across all of the lines does not differ significantly
among the three generations sampled. These results
strongly suggest that there is no bias with respect to the
recombination mechanisms that are operating in the
rDNA. The significant change in the frequencies of V1
and Vb5 between the first two time points but not the last
two is likely due to sampling error, as it is difficult to
imagine a molecular mechanism that could create such
a shortlived bias.

The availability of whole-genome information has
confirmed that, in humans at least, rates of recombina-
tion vary by as much as four orders of magnitude across
all nucleotides (McVEAN et al. 2004). To determine how
the rate that we observed in rDNA compares to that in
the genome as a whole, it will be necessary to compare
our estimate of recombination rate with those obtained
from (a) other portions of the rDNA and (b) other ge-
nomic regions. There are opposing viewpoints on how
rDNA structure will affect recombination rate. For ex-
ample, the recombination rate in rDNA may be high
relative to the genomewide average due to the fact that
each primary unit, which is repeated tens to thousands
of times, contains a copy of a region containing the
replication fork block, which is known to be associ-
ated with an increased probability of recombination
(KoBayasHI 2003). Indeed, selection may favor an ele-
vated rate of recombination in rDNA due to its impact on
the homogenization of gene copies along the rDNA
array. In contrast, it has been argued that the heterochro-
matin structure of rDNA inhibits its accessibility to the
recombination machinery, which predicts a lower than
average recombination rate. Recent work by KopayasHI
et al. (2004) has shown that this latter view may not be
correct as they did not see a decrease in the overall rate
of recombination in mutant SIR2 yeast strains vs. wild-
type strains, although the wild-type strains did have a
decreased rate of unequal sister chromatid exchange
compared to mutant strains.

In conclusion, we have presented a novel procedure
for the cost-effective quantification of recombination
rate in rDNA, which is typically a difficult and labor-
intensive task (STumpF and McVEAN 2003). This method
was sensitive enough to detect recombination events that
occurred during apomixis in D. obtusa lines over five-
generation time intervals and is applicable to any mul-
tigene family that contains easily detectable sequence
variation and to any species that can be propagated in
the lab.
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