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Abstract

As one of the few known species in an active phase of intron proliferation, the microcrustacean Daphnia pulex is an especially

attractive systemfor interrogating thegainand lossof introns innatural populations. In this study,weusedacomparativepopulation-

genomic approach to identify and characterize 90 recently gained introns in this species. Molecular clock analyses indicate that these

intronsarosebetween3.9�105 and1.45� 104 years ago,witha spike in intronproliferationapproximately5.2�104 to1.22� 105

years ago. Parallel gains at homologous positions contribute to 47.8% (43/90) of discovered new introns. A disproportionally large

number of new introns were found in historically isolated populations in Oregon. Nonetheless, derived, intron-bearing alleles were

also identified inawiderangeofgeographic locations, suggesting introngainand, toa lesserdegree, intron lossare important sources

of genetic variation in natural populations of Daphnia. A majority (55/90 or 61.1%) of the identified neointrons have associated

internal direct repeats with lengths and compositions that are unlikely to occur by chance, suggesting repeated bouts of staggered

double-strand breaks (DSBs) during their evolution. Accordingly, internal, staggered DSBs may contribute to a passive trend toward

increased length and sequence diversity in nascent introns.
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Introduction

One of the greatest mysteries of eukaryotic genomes is the

proliferation of noncoding intronic sequences in protein-

coding genes. Because they are transcribed, if gene function

is to be maintained, such introns must be precisely removed

from pre-mRNAs (premature messenger RNA) by the spliceo-

somal machinery after transcription (Berget et al. 1977; Chow

et al. 1977; Goldberg et al. 1977). Among eukaryotes, intron

number varies widely from only two in the entire genome of

Giardia lamblia (Morrison et al. 2007) to an average of more

than eight per gene in numerous vertebrates and land plants

(Lynch 2007). Although the mechanisms responsible for such

variation are still debated, the power of natural selection to

eliminate, permit, or even promote intron-containing alleles

must depend on the selection coefficients associated with

newly evolved intron-containing alleles and the local popula-

tion-genetic environment (Lynch 2002).

Because introns are often found at the same positions in

numerous orthologous genes of widely diverged eukaryotic

species (Sverdlov et al. 2005), it is likely that a complex spliceo-

some was present in the last common ancestor of eukaryotes

(Collins and Penny 2005; Lynch 2007; Stajich et al. 2007;

Koonin 2009). Related observations have also led some to

propose an intron-rich eukaryotic progenitor, which would

imply widespread loss of ancestral introns in diverse descen-

dent lineages (Lin et al. 2006; Slamovits and Keeling 2006;

Csuros et al. 2011). However, other analyses support a

moderate ancestral intron density (Nguyen et al. 2005) and

point to an important role for periodic intron gain (Roy and

Penny 2007).
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Most attempts to estimate rates of intron gain and loss rely

on matrices of intron presence or absence in alignments of

highly conserved regions of homologous genes (Carmel et al.

2007a; Coulombe-Huntington and Majewski 2007a, 2007b).

Intron positions are then analyzed either by Dollo parsimony

(Rogozin et al. 2003; Coulombe-Huntington and Majewski

2007b), maximum likelihood (Nguyen et al. 2005; Roy and

Gilbert 2005b; Csuros 2008), or a probabilistic Monte Carlo

model (Csuros et al. 2011) to reveal long-term trends in taxon-

specific patterns of gain and loss (Belshaw and Bensasson

2006; Coulombe-Huntington and Majewski 2007a, 2007b).

The restrictions of such studies to a small subset of highly

conserved genes sampled from distantly related species, to

unambiguously aligned regions, and usually to just one se-

quence per species raise concerns with respect to the gener-

ality of the conclusions drawn from such studies. In addition,

deep phylogenetic comparisons are of limited use for testing

hypotheses regarding the molecular mechanisms of intron

gain and loss because the molecular evidence of such events

has generally been erased by accumulated mutations.

Furthermore, broad phylogenetic comparisons of shared

intron positions usually rely on assumptions of character-

state irreversibility (e.g., Dollo parsimony; Rogozin et al.

2003), a conservative view of intron evolution that may be

unrealistic, especially if cryptic, unoccupied protosplice sites

play a large role in intron gain (Tordai and Patthy 2004;

Sverdlov et al. 2005; Omilian et al. 2008; Li et al. 2009).

Several mechanisms have been hypothesized for intron loss

(e.g., genomic deletion or reverse transcription and subse-

quent gene conversion) (Derr and Strathern 1993; Roy and

Gilbert 2005a) and gain (e.g., intron transposition or segmen-

tal duplication) (Gao and Lynch 2009; Farlow et al. 2011;

Torriani et al. 2011). However, recent whole-genome and

population-genetic analyses have provided more direct in-

sights into the mechanisms of intron formation. For example,

surveys in populations of the microcrustacean Daphnia pulex

provided evidence for intron gain via a mechanism involving

double-strand breaks (DSBs) repaired by nonhomologous end

joining (NHEJ) (Li et al. 2009). Other comparisons of introns in

closely related genomes appear to corroborate the DSB model

of intron gain (Farlow et al. 2010; Zhang et al. 2010; Yenerall

et al. 2011). Additionally, these studies indicate that intron

gain might be facilitated by gene conversion (Zhang et al.

2010), reinsertion of spliced introns through reverse transcrip-

tion (Denoeud et al. 2010), or proliferation of intron-like

elements (van der Burgt et al. 2012). Moreover, observations

in Daphnia suggest that parallel gains of entirely unrelated

introns in identical host gene locations in distinct populations

may be common (Li et al. 2009).

Although natural populations harboring intron presence/

absence polymorphisms are ideal systems for identifying the

molecular footprints of recent intron gains, to date, only a few

studies have reported such polymorphisms (Llopart et al.

2002; Omilian et al. 2008; Li et al. 2009; Torriani et al.

2011; van der Burgt et al. 2012). Here, we report and analyze

a set of recently gained introns in natural populations of

D. pulex, expanding on our previous work (Omilian et al.

2008; Li et al. 2009). These new introns were identified by

a combination of bioinformatic comparisons of nine,

recently sequenced genomes of D. pulex clones and a subse-

quent polymerase chain reaction (PCR)-based survey of 84

additional D. pulex clones sampled from across North

America. Because D. pulex harbors substantial nucleotide

diversity, it was further possible to use gene phylogenies to

assess the polarity of intron gains and losses. New insights

regarding the age of derived, intron-bearing alleles and

likely molecular events in the early evolution of introns after

their initial formation are discussed in the context of our

results.

Materials and Methods

Whole-Genome Sequencing and Assembly

Complete genomes of nine D. pulex clones were sequenced

and analyzed for intron presence/absence polymorphisms

(Tucker et al. 2013). Each of these clones was a propagated

culture of an isolate taken from a separate natural population

in North America. The genome sequence of one of the nine

clones, TCO, was obtained as part of the ongoing D. pulex

genome project (Colbourne et al. 2011). Another, the TRO

clone, was sequenced using the same method as TCO, but

with 1� coverage. Four additional clones, Tex21, SW4,

LP8B5, and OP11 collected from Michigan, Illinois, Ontario,

and Oregon, respectively, are sexual. Finally, Hughes2, Gos1,

and STM, collected from Michigan, Ontario, and Quebec, re-

spectively, are obligately asexual. Additionally, the genome

sequence of the D. magna Finnish clone was used to identify

intron presence/absence polymorphisms between D. pulex

and D. magna (http://server7.wfleabase.org/genome/

Daphnia_magna_prerelease/, last accessed June 20, 2014).

DNA used for high-throughput sequencing was extracted

from >200 individuals of each clone using a Qiagen DNeasy

tissue kit (Qiagen, Valencia, CA) following manufacturer’s in-

struction. DNA libraries were prepared and sequenced by the

Beijing Genome Institute. Each clone was shotgun sequenced

using an Illumina genome analyzer, yielding �20� coverage

per site. Raw paired-end reads, each ~75 bp in length, were

de novo assembled using SOAP (Li et al. 2008). More than

80% of the contigs exceeded 2,000 bp in length.

Bioinformatic Strategies to Identify Recently Inserted
Intron Candidates

Two main strategies were used to search for intron presence/

absence polymorphisms among newly assembled genomes. In

Strategy I (fig. 1A), a Perl script was used to generate 100-bp

hybrid sequences comprising 50-bp portions of the exons

flanking each intron in the TCO genome. These hybrid

Characterization of Newly Gained Introns GBE

Genome Biol. Evol. 6(9):2218–2234. doi:10.1093/gbe/evu174 Advance Access publication August 14, 2014 2219

.
-
; Zhang, etal. 2010
-
-
;
 Omilian
,
 etal. 2008
through 
9
g
s
a
aphnia
Lastly
http://server7.wfleabase.org/genome/Daphnia_magna_prerelease/
http://server7.wfleabase.org/genome/Daphnia_magna_prerelease/
-
&geq; 
x
s
i
r
i
i
c


sequences were used to BLAST against contigs of sequenced

genomes of the other eight clones of D. pulex. This strategy

allowed us to find intron absence alleles in non-TCO clones of

D. pulex. The same strategy was used for intron presence/ab-

sence comparisons between TCO and the D. magna Finnish

clone.

In Strategy II (fig. 1B), each exon in TCO was used to BLAST

against newly assembled contigs of the other eight D. pulex

clones to search for exonic insertions that are present in non-

TCO clones but absent in TCO. Sequences of top hits were

aligned using ClustalX (Larkin et al. 2007) and the following

parameter settings: for pairwise alignment, gap opening and

extension penalties are 15 and 0.3, respectively; for multiple

alignment, gap opening and extension penalties are 35 and

0.75, respectively. Raw reads that had ambiguous base calls

were removed from the analysis. Additionally, gene paralogs

either in the annotated TCO genome or other genomes were

excluded to avoid uncertainties arising from allelism.

Species and Populations Studied

To expand our survey of insertions in exonic regions, a total of

84 additional clones from 46 natural populations of D. pulex

collected across North America were assayed following our

preliminary identification of intron presence/absence polymor-

phisms through whole-genome comparisons. Half of these

clones are facultatively sexual and the remainder are obligately

asexual (Paland and Lynch 2006).

Based on the molecular systematic study of Adamowicz

et al. (2009), we chose clones of several Daphnia species

as outgroups in our analysis of gene phylogenies: D. magna,

D. obtusa, D. dubia, D. laevis, D. dentifera, D. parvula, and

D. ambigua. D. obtusa is the sister species to D. pulex;

D. ambigua and D. parvula are the next most closely related

species; D. dubia, D. laevis, and D. dentifera are in the sister

subgenus, Hyalodaphnia, to D. pulex, D. obtusa, D. ambigua,

and D. parvula; and D. magna is in the most distantly related

subgenus of Daphnia, Ctenodaphnia. Because of its greater

phylogenetic distance, we were able to obtain sequences

from only a portion of the examined loci from the D. magna

genome sequence.

Primer Design, PCR Amplification, and Sequencing

Primer pairs were designed using Primer 3 (http://biotools.

umassmed.edu/bioapps/primer3_www.cgi, last accessed

June 20, 2014) from conserved flanking protein-coding re-

gions around the gain–loss polymorphisms to generate an

~1 kb amplicon that contains at least two upstream or down-

stream introns. Including other nonpolymorphic introns in our

targeted PCR amplifications facilitated detection of linked

presence–absence polymorphisms, as linked intron loss

might simply reflect the presence of processed pseudogenes.

In such cases, these sites were excluded from further analysis.

The same set of primers was also used to screen cDNA pre-

pared from surveyed clones (see below).

Conditions for PCR reactions followed the method in Li

et al. (2009). PCR products were purified with solid-phase

reversible immobilization, cycle sequenced, and analyzed

on an ABI3730 DNA sequencer (Applied Biosystems, Foster

City, CA). Sequenced fragments were assembled

using CodonCode Aligner (CodonCode Corporation,

Centerville, MA).

If two overlapping peaks were identified at any given site

on the DNA sequence electropherogram for both forward and

reverse sequencing primers, the locus was considered hetero-

zygous. Putative heterozygous sites were initially screened by

CodonCode Aligner. To determine the gametic phase, PCR

fragments with multiple heterozygous sites were cloned with

the Invitrogen TOPO TA kit (Life Technologies, Grand Island,

NY). The QIAprep Spin Miniprep Kit (Qiagen) was used for

plasmid purification, and a T7 primer was used to sequence

FIG. 1.—(A) Search strategy I: Using hybrid sequences from exons flanking each intron in Daphnia pulex TCO (indicated by small colored boxes) as query

sequences to search against newly assembled contigs of other D. pulex clones. Introns are denoted by light green boxes. This strategy allows the detection of

polymorphic introns that are present in the TCO clone but absent in homologous positions in other clones. (B) Search strategy II: Using each exon in the TCO

genome as query sequences to search against newly assembled contigs of other D. pulex clones. This strategy allows the detection of polymorphic introns

that are present in non-TCO clones but absent in homologous positions in TCO clone.
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cloned inserts. To avoid PCR and cloning errors, 10–14 cloned

products were sequenced per individual for these loci.

Additionally, to ensure that cloning-induced errors were not

the source of observed polymorphisms, sequences from

cloned PCR products were compared with the directly se-

quenced PCR products (Omilian et al. 2008; Li et al. 2009).

mRNA Extractions and cDNA Synthesis

Tissue was collected from ~100 Daphnia individuals. mRNA

was extracted using the Qiagen RNeasy Mini Kit (Qiagen).

Extracted mRNA was quantified using a NanoDrop 3300

(Thermo Scientific, Wilmington, DE). A total of 1,000mg of

mRNA from each sample was used for cDNA synthesis using

the SuperScript III first-strand synthesis kit (Invitrogen,

Carlsbad, CA) following the manufacturer’s instruction.

Primers used in genomic DNA-based PCR were applied to

synthesize cDNAs using the above-described amplification

conditions. Obtained sequences of cDNA fragments were

aligned with genomic sequences using ClustalX (Larkin et al.

2007) to assess insert splicing and, where applicable, to de-

termine splicing sites.

Gene Genealogy and Sequence Diversity Analyses

To assess relationships among alleles at identified loci, se-

quences were first aligned in ClustalX (Larkin et al. 2007).

Phylogenetic analyses relied on aligned exon sequences

alone, as intron sequences were not common to all sampled

alleles. Gene trees and bootstrap values were determined by

neighbor-joining analysis using MEGA5 (Tamura et al. 2011).

The topology of each gene tree was used to categorize gain or

loss events in surveyed D. pulex clones. All inferences of de-

rived gains or losses of introns were checked using the

ACCTRAN and DELTRAN algorithms implemented by

MacClade 4.06 (Maddison DR and Maddison WP 2005).

Only intron gain or loss events that were confirmed through

MacClade analyses were considered further. Alleles from iden-

tified loci in D. pulex populations were compared with those

of orthologous loci in outgroup species. If all outgroup species

had an intron at the same location, we determined that any

intron-less alleles in D. pulex must be derived. If none of the

outgroup species contained introns at an aligned site, but

some or all D. pulex clones had an intron at the same site,

we inferred the presence of a gained intron in D. pulex.

To count the number of gained introns, we used two cat-

egories: single and parallel gain events. A subset of the sites

exhibiting a single gained intron was further divided into one

of the two patterns: 1) A gap in the alignment of gained

introns from diverse D. pulex clones, indicating that a length

mutation occurred after the initial acquisition of an intron at

this site and 2) part of the alignment of the gained intron

sequences is completely conserved, but the remainder is

highly divergent. Because introns that fall into these two pat-

terns are homologous for at least part of their lengths, we

scored them as a single gain event. To define parallel gains, we

apply the following criteria: 1) If insertion sites for two func-

tional introns are within 10 bases of one another, but not

exactly the same insertion site, we regard these insertions as

parallel gains (following Omilian et al. 2008); 2) when insertion

sites for two functional introns are the same, but the inserted

segments contain no identical portions of a sufficient length to

be unlikely to occur by chance alone and at homologous po-

sitions, we regard these insertions as parallel gains; and 3) in

cases where functional introns that have identical insertion

sites share no significant sequence similarity, except in either

the first 5 or the last 3 bases, we regard these insertions to be

parallel gains. Base similarity at the first 5 or last 3 bases of two

functional introns may be accounted for by well-established

functional constraints on intron composition (Rosbash and

Seraphin 1991; Umen and Guthrie 1995; Chiara et al. 1997;

Du and Rosbash 2002; Carmel et al. 2004). Therefore, se-

quence similarity at these sites alone is not sufficient to sup-

port a hypothesis of homology.

To assess whether exonic regions surrounding the sites of

established introns, singly gained or parallelly gained introns,

differed substantively, an original Python script was used to

compare their lengths, base composition, repeat content, and

repeat frequency. t-tests were used to assess whether differ-

ences in the lengths of exons or the frequencies of their re-

peats were significant and chi-square tests were used to assess

whether differences in base composition were significant and

implemented using StatPlus:mac LE.2009 (AnalystSoft Inc.,

Vancouver, BC, Canada). An additional Python script

(RepCheck), described below, was used to compare repetitive

DNA content in the above three categories of exonic regions.

To estimate the diversity of alleles that was directly affected

by recent intron colonization or those that lie in close proximity

to derived intron-bearing exons, we grouped the exon regions

in our alignments into three parts: exon regions that contain

recently gained introns, exon regions that are upstream of an

exon hosting a newly inserted intron (derived intron-bearing

exons), and exon regions that are downstream of a derived

intron-bearing exon. Sequences from outgroup species were

excluded from our calculation. For each exon region, average

pairwise sequence diversity at silent sites (�s) was calculated

using DnaSP (Tajima 1983; Tamura et al. 2011). Parameters

were set as following: gap/missing data were treated as

“pairwise deletion” and only third codon positions were in-

cluded in the calculation.

Sequence Repeat Analysis in New Introns and Colonized
Exons

The presence of repetitive motifs within or among new introns

or the exons they colonized could provide evidence for stag-

gered DSB repair events, biases in intron colonization sites, or

mechanisms of sequence evolution in newly formed introns.

To assess nonrandom patterns in sequence composition, we
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searched for four types of repetitive motifs in new introns or

the exons they colonized. These include the following: 1)

Repetitive motifs (excluding microsatellites) within each new

intron; 2) repetitive motifs shared by new introns at distinct

loci; 3) repetitive motifs shared by exons at distinct loci hosting

newly gained introns; and 4) repetitive motifs common to a

neointron and one of its adjacent exons.

Short sequence repeats in newly gained introns or adjacent

exons were identified using REPFIND (Betley et al. 2002). A

cut-off P value of 0.0001 was used to reduce the chance of

recovering coincidentally similar sequence segments.

However, in the cases of a handful of examined neointrons,

these search criteria revealed no significant motifs. For these

introns only, an additional lower stringency screen (P� 0.001)

was used to recover repetitive elements of potential

importance.

For the repetitive motifs identified in category one, an ad-

dition Python script, called RepCheck (developed for this

study), was used to evaluate the probability that any repeat

identified by REPFIND would occur twice, by chance, in a par-

ticular intron. To evaluate this probability the following quan-

tities were gathered: 1) The frequency of each nucleotide in an

intron of interest; 2) the length of the intron of interest

( = Intron_Length); 3) the base composition of the repeat of

interest; and 4) the length of the repeat of interest. The quan-

tities are used to assess the probability of a given sequence

occurring a second time in a given intron as follows: 1)

Multiply together the frequencies of each nucleotide of a

repeat in the intron where it is found (the result is stored

in the program as Simple_Prob); and 2) determine the

available space for a second occurrence of a given repeat in

a given intron by taking the length of the intron and

subtracting twice the length of the repeat less 1 (the result

is stored in the program as Space_for_2nd_Repeat).

The probability of the repeat occurring a second time is:

1� (1� Simple_Prob)Space_for_2nd_Repeat (stored in the pro-

gram as Prob_of_2nd_Occurence). The program then compa-

res each repeat identified by REPFIND with each intron in

which it occurs. Repeats that have a probability of 0.05 or

less of occurring a second time in a given intron are written

to a tab-delimited output table. The source code for RepCheck

is available from the authors upon request.

For recovered direct repeats in classes two, three, and four,

an additional Python script was used to determine the length,

frequency, and base composition of each detected direct

repeat. These metrics were subsequently evaluated using

StatPlus:mac LE.2009 (AnalystSoft Inc.) to assess the follow-

ing: 1) Their distributions; 2) correlations among them; and 3)

significant differences between them. The same methods of

analysis were used to evaluate the repetitive content of exonic

regions surrounding the sites of single and parallel gains, to

assess whether there was a substantive difference between

exons in these two categories.

Derived Allele Frequency Spectrum

To compare the allele frequency spectra of gained introns and

derived single nucleotide polymorphisms (SNPs), derived allele

states of both types were inferred from an outgroup to polar-

ize polymorphisms. Original Python scripts were used to

calculate the frequencies for intron-bearing alleles and derived

SNPs at silent sites. The frequencies of new introns were

calculated by dividing the number of new intron-containing

alleles by the total number of D. pulex alleles surveyed for a

certain locus following the method in Li et al. (2009). To cal-

culate the derived allele frequency of SNPs at silent sites, we

first used the nucleotide state of the most closely related

Daphnia species available for each locus to determine the

derived state of SNPs with a congruent method. An allele

phylogeny for each locus was used to find the most closely

related Daphnia species of D. pulex. Once the derived SNPs

were identified by this method, the derived allele frequencies

of SNPs at silent sites were calculated by dividing the number

of derived single nucleotides by the total number of single

nucleotides of D. pulex at sampled positions.

Phylogeny Estimation and Molecular Clock Dating Using
BEAST and Associated Software

The estimated mutation rate, m, for D. pulex is 6�10�9 per

base per generation at silent sites (Tucker et al. 2013). This

estimate was used for molecular clock dating analyses in this

study. Assuming D. pulex produces 10 generations per year,

this translates into 6�10�8 mutations per base per year.

Sequence alignments excluding all nonsynonymous sites for

each locus were prepared for molecular clock analysis.

To estimate the approximate age of the most recent

common ancestor (MRCA) of D. pulex, we developed the

following estimation method. First, based on allele phyloge-

nies for each locus, five paths between D. pulex clones that

pass through the MRCA of D. pulex were randomly chosen.

Second, pairwise sequence diversities of D. pulex clones from

the five paths were calculated with MEGA5 (Tamura et al.

2011) using the following parameters: method, Jukes–

Cantor model; rates among sites, gamma distributed; and

gaps/missing data treatment, pairwise deletion. Average pair-

wise-sequence diversity was calculated for all five pairs of

clones. Third, analyses for all loci were performed according

to the aforementioned procedure. Average allelic divergence

for all loci was used to estimate the approximate age of the

MRCA as T = d/2m, where d is the average pairwise sequence

diversity, m is the substitution rate per site per generation, and

T is the population divergence time in generations (here the

age of the MRCA of D. pulex) (Nei and Li 1979; Takahata and

Nei 1985; Edwards and Beerli 2000; Paland et al. 2005). The

approximate age of the MRCA of all surveyed D. pulex clones

is 3.4�105 years (standard deviation = 8.02�104 years). This

number is used as a calibration point for molecular clock

dating using BEAST.
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BEAST v1.7.2 and associated software applications, BEAUTi

v1.7.2, TreeAnnotator v1.7.2, and FigTree v1.3.1, were used

to facilitate molecular clock dating to estimate the age of new

introns in Daphnia (Drummond and Rambaut 2007;

Drummond et al. 2012). To prepare the BEAST XML file, the

following parameters were used: 1) For sites, we used the

HKY substitution model with base frequencies estimated

and the Gamma model of site heterogeneity; 2) for clocks,

we used the log-normal relaxed clock model; 3) for trees, we

chose a random starting tree, and a Yule process was used as

a prior; 4) for the prior distribution, TMRCA (the most recent

common ancestor), was set to normal and its mean is the

estimated age of MRCA of all D. pulex; 5) for a prior distribu-

tion, ucld.mean (i.e., the mean of the branch rate) was set to

uniform, and an estimated silent site mutation rate of

6� 10�8 per base per year was provided; and 6) for Markov

chain Monte Carlo, the length of the Markov chain is

1,000,000 generations, echoing state to screen every

10,000 generations, and logging parameters every 200.

Thus, the final sample files contained 5,000 trees.

TreeAnnotator v1.7.2 was used to process the resultant

trees. Parameters for this step were set as follows: 1) For

burnin, we chose 50 to specify a 1% burnin; 2) for posterior

probability limit, we chose 0.5, which summarizes the infor-

mation for nodes with this posterior probability; and 3) for

node heights, we used mean heights. FigTree was used to

display the features of summary trees generated by

TreeAnnotator. In FigTree, posterior was selected for display

of branch labels and node ages for display of node labels.

The results forgained intron-bearing (GIB) alleles that are still

segregating in D. pulex populations were calculated in three

categories: 1) An average age estimate of all derived intron-

bearing alleles that are polymorphic in D. pulex; 2) an average

age estimate of new introns that are endemic to Oregon pop-

ulationsonly;and3)anaverageageestimateofmultipleunique

introns gained at nearly the same location. Clades used for

these calculations met two criteria: 1) They comprise only GIB

alleles and2) theyhaveaposterior probabilitygreater than0.65

in the final summary tree generated by TreeAnnotator. A his-

togram of allele ages was generated in R 3.0.1.

BLAST Searches for the Potential Source of Newly
Gained Introns

BLAST searches were conducted using the sequences of newly

gained introns as queries with the nucleotide BLAST program

(http://blast.ncbi.nlm.nih.gov/Blast.cgi, last accessed June 20,

2014). The full nonredundant/nucleotide (nr/nt) database in

GenBank was searched for significant matches. BLAST algo-

rithm parameters were set for “somewhat similar sequences”

(BlastN), with other parameters left at default settings. Only

hits with an e-value<0.01 and sequence identify>75%

were deemed to be potential homologs of inserted sequences

in Daphnia.

Results

Identification of Recently Gained Introns

Through a series of BLAST searches, we obtained orthologous

sequences from the genomes of nine recently sequenced

Daphnia pulex clones and one clone of Daphnia magna ortho-

logous sequences of protein-coding regions of the D. pulex

TCO genome. Alignments of these orthologous regions re-

vealed genes that are polymorphic for moderately sized

indels in coding regions. Using genomic sequences from

eight outgroup species of Daphnia, we categorized these

length polymorphisms into gain or loss events. In total, this

study examined 84 clones sampled from 46 natural popula-

tions of D. pulex collected across North America and identified

90 new insertions in 66 genes. Combined with results from

previous studies of newly gained introns in D. pulex, a total of

120 new introns were identified in 85 genes (table 2) (Omilian

et al. 2008; Li et al. 2009). Results of our cDNA analysis indi-

cate that all 90 new insertions identified in D. pulex are func-

tional introns (i.e., they are removed during RNA processing).

The 90 D. pulex neointrons identified through this study

average 77.7� 2.9 bp in length and are decidedly AT rich,

having 78.0�0.9% (mean� standard error {SE}) AT content

in contrast to 55.0�0.2 in adjacent exons of the same gene

(table 1). Approximately 93% of the neointrons contain

in-frame premature stop codons. Twenty-seven of the

neointrons identified here are 3n introns (i.e., their lengths

are divisible by three). Of these, 25 contain in-frame stop

codons, an amount that is not significantly different from

the expected value, given the overall rate of stop codon-

bearing neointrons in our data set. Among the introns that

did not contain stop codons, a majority (71%) would still

result in frameshift mutations in downstream exons, if

unspliced. In total, 88 of the 90 neointrons identified through

this study would likely eliminate gene function if they were not

Table 1

Intron Size, AT Composition, and Phase Distribution of Daphnia pulex

Introns

Neointronsa Established

Intronsb

Exons

in the

Same Genec

A/T composition

(%)d
78.0�0.87 70.7� 0.2 54.96�0.25

Length (bp)d 77.71� 2.86 80.0� 2.7 207.84� 8.13

Phase (%)

0 29.9 44.9

1 33 27.6

2 37.1 27.5

aSample size, n= 90.
bSample size, n =110,021.
cSample size, n =618.
dNumbers provided here are mean� SE.
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spliced from pre-mRNA transcripts (supplementary table S3,

Supplementary Material online).

Although 118 of the 120 derived introns in the combined

data set contain canonical GT . . . AG splicing sites, two had

atypical splice sites. One neointron has GC . . . AG splice sites

as its termini (supplementary fig. S63b, Supplementary

Material online), while the other has GG . . . AG (supplemen-

tary fig. S58g, Supplementary Material online). Rare, alterna-

tive splice sites have been observed in other species. For

example, in the human genome, 99.1% of the introns have

GT . . . AG boundaries, 0.9% of them have GC . . . AG bound-

aries, and 0.1% of them have AT . . . AC splice site junctions

(Burge et al. 1998; Burset et al. 2000; Abril et al. 2005).

Spliceosomes in eukaryotes have been categorized into

two main types. One is the major spliceosome, also known

as U2-dependent spliceosome, which processes GT . . . AG

and GC . . . AG introns (Steitz et al. 2008). The other type is

the minor spliceosome, or U12-dependent spliceosome,

which is involved in AT–AC intron splicing and may process

introns with other splice sites as well (Lin et al. 2010). U12-

type introns have more conserved 50 splice sites and branch

point sequences compared with other introns (Levine and

Durbin 2001; Verbeeren et al. 2010). A BLAST analysis of

all available Daphnia genome sequences in GenBank yielded

no significant hits for the U12 snRNP protein, a critical com-

ponent of the minor spliceosome in humans. Hence, D. pulex

may not harbor minor spliceosomes, which have been ob-

served in many major eukaryotic taxa including plants, fungi,

animals, and single-cellular eukaryotes (Davila Lopez et al.

2008; Bartschat and Samuelsson 2010; Turunen et al. 2013).

Recently Lost Introns

Combining results of this survey of 84 D. pulex clones with

those of our previous study (Li et al. 2009) reveals that poly-

morphisms at 7 loci have arisen through derived losses of an

intron present in all sampled outgroup species (supplementary

figs. S74–S77, Supplementary Material online). For example,

at locus Dpul_328763 (supplementary fig. S74,

Supplementary Material online), all outgroup species, all

D. pulex clones from Oregon, and 14 non-Oregon clones

have a plesiomorphic allele, Dpul_328763(+), that has an

intron separating exons 8 and 9. In contrast, a set of geo-

graphically diverse populations in a nested clade have an

alternative allele, Dpul_328763(�), that lacks this intron

and, instead, has a single exon that is homologous to both

exons 8 and 9 in Dpul_328763(+) alleles.

Molecular Clock Dating of Intron-Containing Alleles

Based on the silent site mutation rate (m) for D. pulex of

6� 10�8 mutations per base per year (Tucker et al. 2013)

and the molecular clock estimation method described in the

Materials and Methods section, we estimated the approxi-

mate age of the MRCA of all sampled D. pulex clones to be

3.4�105 years. Results of our BEAST analyses (Drummond

and Rambaut 2007; Drummond et al. 2012) provide estimates

of the approximate ages of clades comprising only derived

intron-bearing alleles. Eight of the newly gained introns

appear to be fixed in surveyed D. pulex populations. The av-

erage, estimated minimum age of the MRCA of these fixed

intron-bearing alleles, 3.03�0.18� 105 (mean� SE) years, is

approximately the same as the MRCA of all D. pulex.

Distributions of derived intron-bearing alleles that are still

segregating in D. pulex clones are divided into three catego-

ries: overall, Oregon, and parallel gains (fig. 2). Our estimate

for the average age of all derived intron-bearing alleles that

are polymorphic in D. pulex (overall) is 1.40�0.09�105

(mean� SE) years. D. pulex populations in Oregon were

thought to have experienced one or more historical bottleneck

events (Lynch et al. 1999). Thus, the age estimates of clades

formed by derived intron-bearing alleles that are specific to

Oregon can potentially provide insights into the historical

events associated with new intron gains restricted to this geo-

graphic area. Our estimate for the average age of new introns

endemic to Oregon populations (Oregon gain) is

1.20�0.09� 105 (mean� SE) years.

Previous studies that have addressed parallel intron gain

generally focus on fixed introns in distantly related eukaryotic

lineages. They inferred that introns at homologous positions

are primarily a consequence of evolutionary conservation,

with rare parallel gains accounting for between 5% and

20% of introns at homologous positions (Nguyen et al.

2005; Sverdlov et al. 2005; Carmel et al. 2007b). In contrast,

our results indicate that 48% (43/90) of the newly gained

introns in D. pulex resulted from parallel gain events. The

estimate for the average age of allele clades encompassing

multiple parallel intron gains at nearly the same location (par-

allel gain) is 1.13�0.12� 105 years. Overall, the distribution

of ages of the 90 neointrons identified in this study is positively

skewed and ranges from 1.45�104 to 3.9� 105 years ago. A

pronounced spike in intron accumulation occurred between

5.2�104 and 1.22� 105 years ago (fig. 2).

Molecular Footprints Associated with the Origin and Early
Evolution of New Introns

Based on sequence characteristics of these newly gained in-

trons and adjacent exons, observed events of intron gain are

Table 2

Accounting of Newly Gained Introns in Daphnia pulex

Categories Affected Genes Gained Introns

I. All D. pulex 8 8

II. Nested cains 57a 61

III. Parallel gains 20 51

Total 85 120

aOne of the genes in Category II has two exons that each gained one intron.
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associated with initial DSBs. Some appear to have been

formed through staggered DSBs, evidenced by direct repeats

at opposite ends. Others show evidence of a combination of

blunt and staggered DSBs at the same site, although the order

of these two events is sometimes unclear (fig. 3 and supple-

mentary figs. S1, S21, S40, and S58c, Supplementary Material

online).

Using a combination of RepFind and RepCheck analyses,

we identified and characterized a variety of repetitive motifs in

diverse positions along the lengths of observed new introns in

D. pulex. Identified repeats were short segments (ranging

from 4 to 17 bases) that occurred more than once (excluding

microsatellites) and were discovered through either a high

stringency (P� 0.0001) or low stringency (P� 0.001)

REPFIND (Betley et al. 2002) screen of intron sequences (see

Materials and Methods). Each repeat was subsequently

screened using RepCheck (an original Python script) to evalu-

ate the probability that it would occur more than once in a

given intron. Those that had a probability exceeding 0.05 of

occurring more than once, by chance, in a given intron were

excluded from further analysis.

We discovered that a majority of neointrons contain inter-

nal repeats caused by staggered DSBs. Probability assessment

by RepCheck indicates that 61.1% (55/90) of these internal

repeats were unlikely to occur by chance (supplementary table

S3, Supplementary Material online). Repair of staggered DSBs

creates direct repeats, leaving a distinctive molecular footprint.

However, the presence of some direct repeats is expected to

be obscured by subsequent mutations on the timescale of 1/m

(m being the mutation rate per base per generation).

The same search strategy was applied to other established

introns in the same gene for each surveyed locus. Among 617

examined introns, only 100 (16.2%) have internal repeats that

pass the cutoff P values used for RepFind and RepCheck

(supplementary table S3, Supplementary Material online). If

internal staggered DSBs were common, recurrent events in

introns, we would expect similar percentages of new and

old introns to have internal direct repeats. However, a much

higher percentage of neointrons have significant internal

repeats (61.1%). A possible explanation for these observed

differences is that internal DSBs occurred at precisely the time

of new intron formation, by complex process that is yet to be

explained. Over time, the initial short sequence repeats

generated by staggered DSBs will have differentiated from

one another through the accumulation of mutations as

introns age.

New introns identified in this study can be categorized into

seven categories, based on the apparent mechanism of their

formation (fig. 3): 1) Single blunt DSB followed by sequence

insertion (fig. 3A; also see examples in supplementary figs. S5

and S11, Supplementary Material online); 2) single staggered

DSB followed by sequence insertion (fig. 3B; also see examples

in supplementary figs. S4 and S7, Supplementary Material

online); 3) blunt and staggered DSBs that occurred side-by-

side at the same locus, although the order is unclear (fig. 3C.1

and C.2; also see examples in supplementary figs. S1, S21,

S40, and S58c, Supplementary Material online); 4) blunt-then-

staggered (i.e., a blunt DSB repair and associated insertion

followed by an internal staggered DSB repair with or without

a secondary insertion) (fig. 3D; also see examples in

All new introns
Oregon gains
Parallel gains

C
ou

nt

FIG. 2.—Estimated age distribution of newly gained introns categorized into three groups—all new introns, new introns found in Oregon populations

only, and new introns resulting from parallel gains at homologous sites. This plot indicates that new intron-containing alleles range in estimated ages of

14,500–390,000 years, with a spike in new intron establishment between 52,000 and 122,000 years.
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supplementary figs. S26, S37, and S62c, Supplementary

Material online); 5) blunt-then-blunt (i.e., a blunt DSB repair

and associated insertion followed by an internal blunt DSB

repair with a secondary insertion) (fig. 3E; also see examples

in supplementary figs. S57b and c and 65b and d,

Supplementary Material online); 6) staggered-then-staggered

(i.e., the initial staggered DSBs is followed by a secondary in-

ternal staggered DSBs (fig. 3F; also see examples in supple-

mentary fig. S68e, Supplementary Material online); and 7)

staggered-then-blunt (i.e., staggered DSB repair and associ-

ated insertion followed by an internal blunt DSB repair with a

secondary insertion) (fig. 3G; also see examples in supplemen-

tary fig. S71b–c, Supplementary Material online). The category

into which each new intron can most plausibly be assigned is

listed in supplementary table S3, Supplementary Material

online.

Phylogenetic Categories of Intron Gains

Cases of intron gain in D. pulex fall into three categories,

based on phylogenetic patterns in inferred trees: 1) All

D. pulex: an intron-bearing allele is present in all sampled

DSB within insertion

A. Single blunt DSB
D. Blunt-then-staggered E. Blunt-then-blunt

DSB within insertion

Insertion-associated
DSB repair

D.1

or

D.2

B Single staggered DSB F Staggered-then-staggered G Staggered-then-blunt

Staggered-DSB

B. - F. -then-

staggered-DSB
within insertion F.1 F.1

G. -then-blunt

Insertion-associated
DSB repair

F.2

or

C. Blunt- and staggered-DSB side by side, order unclear

Staggered-DSB

Insertion-associated
DSB repair

C.1 blunt-DSB

Insertion-associated
DSB repair

C.2

Blunt-DSB

or

staggered-DSB

p

Insertion-associated
DSB repair

Insertion-associated
DSB repair

FIG. 3.—Mechanisms of new intron formation in D. pulex. Newly discovered introns in D. pulex were initially formed by one of the two mechanisms: (A)

An insertion (indicated by green) is formed through repair of a single, blunt DSB or (B) through repair of a single, staggered DSB (insertion shown in blue and

red). Subsequent events illustrated in (C)–(G) may expand the size and complexity of an intron. These include the following: (C) A blunt and a staggered DSB

occur side-by-side, but in some cases, the order of these events (illustrated in C.1 and C.2) is unclear. In other cases, the order is clear. An initial blunt insertion

may be followed by a subsequent staggered insertion (D, secondary insert is in light green and beige) or a subsequent second blunt insertion (E, secondary

insert is in beige). Alternatively, an initial staggered insert may be followed by a subsequent staggered insert (F, secondary insert in light red and pale green) or

a subsequent blunt insert (G, secondary insert in pale green). Peach boxes in (A)–(G) indicate the structure of the neointron after initial and secondary

insertions.
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D. pulex clones and no outgroup species; 2) Nested clade: an

intron-bearing allele clade is nested within D. pulex, but is

absent from other D. pulex clones and all outgroups; and 3)

Parallel gain: independently gained, distinct neointrons are

present at homologous sites in alleles of separate D. pulex

clones, but are not present in any outgroup (table 2 and sup-

plementary table S1, Supplementary Material online).

1. All D. pulex Intron Gains

Eight gained introns fall into this category. An example is

the Dpul_228023 locus (supplementary fig. S21,

Supplementary Material online). Here, all outgroup species

have an uninterrupted exon 2, while the homologous pro-

tein-coding region is interrupted by a single orthologous

intron in all sampled D. pulex clones.

2. Nested-Clade Intron Gains

In the case of 61 introns in 57 genes, derived introns are

present in only a subset of sampled D. pulex clones. In 19 of

these cases, derived clones form a monophyletic group or

groups nested within the larger D. pulex clade. For example,

the derived allele Dpul_341016(+) at the Dpul_341016 locus

bears a single insertion in a coding region that is homologous

to exon 2 at this locus in all other D. pulex clones and outgroup

species. Dpul_341016(+) alleles form a clade in the inferred

tree and are present in all populations outside of Oregon (sup-

plementary fig. S16, Supplementary Material online).

3. Parallel Intron Gains

Twenty genes in D. pulex exhibit a pattern of parallel intron

gain. In total, parallel gains account for 51 derived intron-bear-

ing alleles in sampled populations (table 2). An illustrative ex-

ample is the Dpul_308086 locus, at which three derived

intron-bearing alleles were detected (supplementary fig.

S55a–d, Supplementary Material online). All outgroup species

and a sizeable number of D. pulex clones have alleles with an

uninterrupted exon 11. In three independent events, distinct

introns were inserted into this exon in geographically diverse

clones of D. pulex. We detected 19 additional genes in D.

pulex with patterns similar to that observed at

Dpul_308086, although the number of alleles per locus and

affected exons varied. In one extreme case, locus

Dpul_327924, six different, derived introns were identified

in close proximity in alignments of one exon (fig. 4 and

supplementary fig. S58a–g, Supplementary Material online).

Sequence Diversity of Exons with Newly Gained Introns

Average pairwise sequence diversity at silent sites (�s,

using the Jukes–Cantor correction and averaged across all

sampled clones) (Librado and Rozas 2009) of exons hosting

new introns is 0.049� 0.001 (mean� SE). In contrast, �s

values for exons that are upstream and downstream of poly-

morphic sites are 0.031�0.001 and 0.032� 0.001,

respectively. Analysis of variance (ANOVA) results reveal that

values of �s of exons targeted by derived introns are signifi-

cantly higher (P = 0.0036, degrees of freedom = 226). These

findings indicate that exons that bear derived introns are less

conserved than their upstream or downstream neointron-free

exons.

No Signature of Positive Selection for Neointrons in
Surveyed D. pulex Clones

Eight new introns appear to be fixed in D. pulex, given that

none of the outgroup species have introns at homologous

locations. The rest of the neointrons have a frequency ranging

from 1.4% to 98.3%. The frequency spectrum of derived

intron-bearing alleles is skewed toward lower values

(20� 2%; mean� SE) similar to that of derived SNPs at

silent sites (28�1%; mean� SE; see fig. 5), indicating that

a majority of surveyed neointrons are not under positive

selection.

Potential Source of Newly Gained Introns

In our previous study, one neointron shared significant se-

quence similarity to a Daphnia mitochondrial DNA sequence

(Li et al. 2009). BLAST analyses comparing new intron se-

quences discovered through this study with reported nucleo-

tide sequences in GenBank revealed significant hits that are

potential sources for four inserted segments (supplementary

table S2, Supplementary Material online). One gained intron

shares significant sequence identify with a D. pulex

ribosomal RNA gene. Three additional significant hits

were between Dpul_310811_TCO, Dpul_325592_TCO, and

Dpul_210427_TCO, and genomic segments from Dania rerio,

Enterocytozoon bieneusi, and Schistosoma mansoni, respec-

tively. Possible explanation of these results would be horizon-

tal transfer events from D. rerio, E. bieneusi, or S. mansoni, or

from one of their close relatives for which genome sequences

are not available. However, because these neointrons are rich

with A and T mononucleotide repeats and e-values ranged

from 0.01 to 3.0�10�5, microsatellite proliferation could also

account for the observed similarity. No other neointrons

yielded significant BLAST hits.

Effects of Inserted Segments on Adjacent Coding
Regions

In a majority of cases, the newly inserted introns have canon-

ical GT . . . AG splice sites at their termini. Comparison of cDNA

sequences and other orthologous exons that do not have re-

cently inserted introns reveals that the entire segment inserted

into an interrupted exon was cleanly excised during RNA pro-

cessing. In contrast, we identified a handful of cases in which

the length of an inserted segment and the length of the RNA

fragment removed during splicing are not identical. This

length disparity may result from either of the two mecha-

nisms. The first entails recruitment of a portion of an adjacent
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exon to become part of the excised fragment. For example,

analysis of cDNA sequences at the Dpul_47827 locus reveals

that when this intron is spliced out, it includes an 8 bp seg-

ment that was previously part of the upstream exonic se-

quence on its 30 end (supplementary fig. S45a and b,

Supplementary Material online). The second mechanism that

can cause a length disparity between an inserted segment and

the fragment excised during splicing is when an inserted seg-

ment has an internal splice site and its unspliced terminus

extends the length of its adjacent exon.

In other cases, both the mechanisms mentioned above may

apply. For example, when the derived intron at the

Dpul_300453 locus is spliced out, one bp at the 50 end of

the inserted segment is recognized as an extension of the

adjacent exon and 4 bp at the 50 end of the downstream

exon are included in the intron that is excised during splicing

(supplementary fig. S22, Supplementary Material online),

resulting in a loss of one amino acid in the encoded protein.

Similarly, at Dpul_341016 locus, 6 bp at the 50 end of the

inserted segment serve to extend the adjacent exon and

12 bp at the 50 end of the downstream exon are excised

along with the intron during splicing (supplementary fig.

S16, Supplementary Material online), resulting in a net loss

of two amino acids in the encoded protein. These results in-

dicate that exonic sequence deletion and new intron insertion

co-occur at a subset of the surveyed loci.

Analysis of Repetitive Motifs Shared among New Introns

This analysis allowed us to investigate if there are any shared

motifs among the newly gained introns. A high stringency

(P� 0.0001) screen of all neointron sequences of D. pulex

using RepFind (Betley et al. 2002) identified 312 significant

repetitive motifs shared among neointrons ranging in length

FIG. 4.—An illustration of parallel gains of new introns at a single locus, Dpul_327924. At this locus, six nonhomologous neointrons were inserted at the

same site in six separate evolutionary events. Distinct alleles bearing nonhomologous introns are highlighted with distinct colors. A phylogeny for the alleles

bearing the six nonhomologous neointrons was generated by the neighbor-joining method using exon sequences only. Branches with greater than 80%

bootstrap support are labeled on the tree. cDNA sequences are indicated by green bracket in the sequence alignment. Further details are available in

supplementary fig. S58a–g, Supplementary Material online.
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from 4 to 17 bp and in frequency from 2 to 304 occurrences in

the collective set of all neointron sequences (supplementary

table S4, Supplementary Material online). There was a strong,

positive correlation (P = 1.82�10�8) between AT content and

the frequency of repeats that are present among several

neointrons. High frequency repeats (those having �40 occur-

rences among all new intron sequences) had an average AT

content of 93% and just over two-thirds of these, including

the 23 most frequent repeats, had 100% AT content.

Individually, high frequency repeats make up between 1.5%

and 11.5% of the length of neointrons in which they reside.

The abundance and AT richness of high frequency repeats

help to explain the high AT content of new introns relative

to adjacent exonic regions, which average only 54.7% AT

content.

Analysis of Sequence Features of Exons That Have
Neointrons Versus Those That Have Established Introns

This analysis allowed us to assess whether: 1) There are any

shared motifs among the exons hosting new introns; 2) if so,

do any shared motifs facilitate parallel intron gain, and 3) if

there is any distinctive sequence features or motifs that distin-

guish exons colonized by neointrons from exons hosting es-

tablished introns. Specific motifs in exons might encourage

intron colonization or facilitate intron maintenance (e.g.,

exon-splicing enhancers) (Zhang et al. 2008). To screen for

sequence motifs with this function, we conducted three anal-

yses. First, a high stringency screen (P� 0.0001 in RepFind) of

exons, which are the host of neointrons, revealed 130 repet-

itive motifs ranging in length from 4 to 15 bp and in frequency

from 2 to 172 occurrences in the collective set of all such exon

sequences (supplementary table S5, Supplementary Material

online). AT content of exon-specific repeats (54.6%) is gener-

ally similar to the AT content of the exons in which they reside

(53.9%). Second, to search for potential sequence motifs that

may facilitate single or parallel intron gain, we conducted two

separate analyses: a) Exon sequences that exhibit parallel gains

were compared with those having a single gain only and b)

exons that contain established introns were compared with

those bearing neointrons. Comparisons of sequence length,

base composition, repeat content, and repeat frequency indi-

cated no significant differences. Hence, we detected no dis-

tinguishing features in repeats found in exons that served as

sites of neointron colonization once only or more than once.

Additionally, none of the surveyed features appear to be

unique to exons that have recent insertion of introns when

compared with exons with established introns.

Analysis of Repetitive Motifs Shared by Neointrons and
One Adjacent Exon

In cases where intron formation entailed a staggered DSB, a

direct repeat of the terminal base pairs in an adjacent exon is

produced at the opposite end of the neointron. Thirty-three

direct repeats of this kind were identified in our data set.

These repeats range in length from 4 to 12 bp. In the pool

of associated intron and exon sequences, these repeats occur
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Frequency Distribution of New Introns 
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FIG. 5.—Allele frequency spectrum of derived SNPs at silent sites (top panel) and derived intron-bearing alleles (bottom panel).
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between 2 and 87 times and are marginally AT rich (57.3%),

but no correlation between repeat AT content and frequency

was detected (supplementary table S6, Supplementary

Material online).

Discussion

Recent Intron Gains Contribute Substantially to Allelic
Diversity in Natural Populations of Daphnia

Our findings indicate that several longstanding notions con-

cerning the origin of introns differ from the results obtained by

this study. First, numerous authors have suggested that intron

gains are rare events (Nguyen et al. 2005; Carmel et al. 2007b;

Csuros et al. 2011). In contrast, our results demonstrate that

intron gains and, to a lesser extent, intron losses are important

sources of genetic variation in natural populations of Daphnia.

Combined with two previous studies of recently derived in-

trons in Daphnia (Omilian et al. 2008; Li et al. 2009), we

identified 120 intron gains and 7 losses in 85 genes in natural

populations of D. pulex. Second, many reconstruction studies

on the evolution of gene architecture have suggested intron-

rich ancestors of major eukaryotic lineages (Roy 2006; Carmel

et al. 2007b; Carmel, Wolf, et al. 2007), leading to the pro-

posal that intron losses, rather than gains, dominated the evo-

lution of eukaryotic genes (Csuros et al. 2011). In contrast, our

results indicate that detected intron gains outnumber intron

losses nearly 18 to 1. Third, parallel gain of introns was previ-

ously thought to be rare (Nguyen et al. 2005; Carmel et al.

2007b), perhaps because few prior studies have been based

on closely related species (Coulombe-Huntington and

Majewski 2007b). Our results reveal that parallel intron

gains occur frequently in surveyed populations and contribute

substantially to allelic diversity in natural populations of

Daphnia. By investigating closely related clones of D. pulex,

we discovered that nearly half of the recently derived introns

in surveyed populations resulted from parallel gains (51 of

120). In sum, although it has been posited that 1) intron

gains are rare, 2) intron gains are much less common than

intron losses, and 3) intron gains are unlikely to occur more

than once at homologous positions, our results show that

these notions do not apply equally well to all lineages.

The differing pictures that emerge from analysis of neoin-

tron formation in Daphnia and previous comparative studies

of highly diverged phylogenetic lineages may be attributable,

at least in part, to the ages of the lineages investigated.

Although the MRCA of sampled D. pulex is estimated to be

merely 3.4�105 years old, prior studies compared intron

presence and absence across widely diverse eukaryotes that

may have shared a common ancestor no less than 2.2�109

years ago. Several of the neointron-bearing alleles detected in

the current analysis are still actively segregating in D. pulex and

may not persist in the long run. Although it remains unclear

whether patterns that emerge through our analyses apply to

lineages of far greater age, at present there is no formal basis

for ruling this out. Notably, results similar to those of this study

have been observed in other species with actively segregating

neointron-bearing alleles (Denoeud et al. 2010; Farlow et al.

2010; Torriani et al. 2011; Croll and McDonald 2012; van der

Burgt et al. 2012).

Geographically Structured Populations of D. pulex

A few inferences regarding geographically structured popula-

tions of D. pulex can be extracted from our observations on

intron gain. One is that intron-containing alleles present in

Oregon populations generally form a clade with very short

internal branch lengths in inferred gene trees. This suggests

that these populations share a recent common ancestor and

are little diverged from one another genetically. A second

observation is that Oregon populations have a disproportion-

ate number of derived intron-bearing alleles. Although

Oregon populations make up only about a 10th of the sur-

veyed clones or populations, 50.0% of the derived alleles (60

out of 120) were discovered in these populations of Daphnia.

A plausible explanation for this pattern is that the Oregon

populations have smaller effective population sizes than

their non-Oregon counterparts, and hence experience less ef-

fective selection, allowing a greater proportion of mildly del-

eterious intron-bearing alleles to become fixed (Lynch 2002).

In phylogenetic trees of alleles at numerous examined loci,

clades comprising all Oregon alleles are sister to all other

non-Oregon lineages, suggesting pronounced genetic

differentiation between Oregon and non-Oregon populations

(supplementary figs. S5 and S6, Supplementary Material

online). However, in several other cases, the Oregon-allele

clade is nested well inside a larger clade comprising all other

D. pulex populations (supplementary figs. S2a and S11,

Supplementary Material online). This latter pattern suggests

that alleles at these loci originated in populations of D. pulex

outside Oregon and were subsequently introduced to Oregon

populations of D. pulex. In contrast, none of our inferred allele

trees reveal non-Oregon clades nested within a larger Oregon

clade. Hence, our results suggest that historical gene flow

between Oregon and non-Oregon populations may have

been largely or entirely unidirectional and that novel intron-

bearing alleles received by Oregon populations are likely to be

fixed or lost rapidly, due to drift, resulting in reduced overall

genetic variation.

The Absence of a Detectable Selective Advantage
Associated with Newly Gained Introns

The roles of introns in the evolution of genome architecture

remain controversial. On the one hand, introns might impose

numerous burdens on their host genes, including decreasing

the efficiency of transcript production compared with

intron-free alleles (Jackson et al. 2000), and increasing the

mutational target size associated with necessary splicing
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signals (Lynch 2002; Moore 2005). On the other hand, several

selective advantages of introns have been uncovered, which

might help explain the abundance of introns in multicellular

organisms. For example, higher metazoa utilize intron–exon

structure to generate proteomic diversity via alternative splic-

ing. Additionally, the use of intron–exon junctions by the non-

sense-mediated decay (NMD) process is critical for

transcriptional fidelity, at least in vertebrates (reviewed in

Lynch 2007).

Some recently gained introns identified here are present at

high frequencies and, hence are not highly deleterious. Eight

derived intron-bearing alleles appear to be fixed in D. pulex

relative to outgroup species. An additional 16 widespread

intron-containing alleles have frequencies in the range of

45% to 98%. Nonetheless, the frequency spectrum of derived

intron-bearing alleles is skewed toward lower values

(20�2%) (mean� SE), compared with that from derived

SNPs at silent sites (28�1%; fig. 5). Thus, in populations of

D. pulex, derived intron-bearing alleles appear, on average, to

be mildly deleterious. In D. pulex populations with smaller Ne,

as in Oregon, drift may play a more prominent role in deter-

mining the frequencies of intron-bearing alleles.

Molecular Clock Dating of Clades Containing Derived
Intron-Bearing Alleles

Eight of the newly gained introns appear to be fixed in D.

pulex populations, with none of the outgroup species

having an intron at the homologous position. Accordingly,

the estimated ages of the MRCA of these intron-bearing al-

leles are in the same age range as the MRCA of all D. pulex

clones, 3.03�0.18�105 (mean� SE) years. In contrast, the

average estimated age of derived intron-bearing alleles segre-

gating in D. pulex populations is 1.40� 0.09�105

(mean� SE) years, and 1.20� 0.9�105 (mean� SE) years

for derived intron-bearing alleles in Oregon populations. The

frequencies of these alleles at polymorphic loci range from

1.2% to 88.9%. These results suggest that a majority of the

derived intron-bearing alleles detected in this study are long

lived, having persisted in natural populations of Daphnia for

between 50,000 and 300,000 years, but only 6.7% of them

appeared to be fixed during that time. We did not detect

evidence of a selective advantage associated with new introns,

although those that did become fixed may have done so as a

result of hitchhiking effects caused by linked, beneficial loci.

The distribution of estimated ages of new introns is positively

skewed with a spike in the accumulation of recent introns

gains in D. pulex between 52,000 and 122,000 years ago

(fig. 2A and B).

Early Evolution of Newly Formed Introns

All neointrons identified in this study were initially formed by

insertions associated with repair of either blunt or staggered

DSBs (fig. 3). Additionally, a large percentage (61.1%, 55/90)

of new introns have statistically significant internal direct re-

peats that are unlikely to be coincidental. Instead, they are

likely the molecular signatures of staggered DSBs that oc-

curred after the initial formation of these neointrons.

Because DSBs happen frequently throughout the genome

(Kuzminov 1999; Cox et al. 2000; Vilenchik and Knudson

2003), it is unsurprising that they occur frequently within

neointrons. What may be surprising, though, is that the frac-

tion of introns containing direct repeats varies with age.

Specifically, it is much lower for established introns. For estab-

lished introns, only 16.2% of them have statistically significant

internal repeats. These results suggest that new introns may

be more vulnerable to internal DSBs than are older, estab-

lished introns. Hence, newly established introns may pass

through a phase of early evolution in which they are more

susceptible to length mutation of this variety. In comparison,

recent studies in Arabidopsis reveal a tendency for initial

length mutations to engender additional nearby length muta-

tions that may serve to offset deleterious effects of the first

indel (Long et al. 2013). Of particular interest, Gan et al.

(2011) noted that length mutations affecting intron splice

sites may activate latent splice sites in adjacent exons, thereby

causing a compensatory length mutation in affected introns.

Hence, the occurrence of length mutations may be correlated

temporally. However, as introns mature, some as yet uniden-

tified factors may act to slow the rate of subsequent DSBs.

Repeated rounds of staggered DSBs (evidenced by the pres-

ence of internal repeats that are of statistical significance)

might help explain a standing mystery of the origin of intron

gains—where do introns come from? Despite a few cases in

which the sources of neointrons have been identified (e.g.,

intron-like element transposition or mitochondrial 16 S rDNA

insertion) (Li et al. 2009; Torriani et al. 2011), the source of

most newly formed introns remains unknown. It is possible

that many neointron sequences comprise a continuous seg-

ment of de novo synthesized DNA produced as a byproduct of

DNA polymerase infidelity.

Based on our observation of frequent occurrence of inter-

nal repeats, we propose a new perspective to explain the

mystery of the early evolution of novel introns. Regardless of

the mechanisms of their initial creation, introns may subse-

quently expand or contract in length, possibly facilitated by

repair of ongoing DSBs through NHEJ (Hazkani-Covo and

Covo 2008; Jensen-Seaman et al. 2009; Lam et al. 2010;

Farlow et al. 2011; Wang et al. 2012). Additionally, mutations

in existing introns may engender compensatory mutations or

activation of latent splice sites altering the lengths of associ-

ated intronic and exonic sequences (Gan et al. 2011; Long

et al. 2013). If such secondary length mutations happen fre-

quently enough, they can obscure historical evidence of their

source DNA. This may help to explain the difficulty in locating

the sources of these new introns even if they came from in-

ternal sources. Notably, we observed four cases in which blunt

and staggered DSBs appear to be positioned side-by-side
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within a neointron. This mechanism combined with internal

DSBs can create a mosaic combination of sequences delivered

to or constructed at the site of a neointron (fig. 3), providing

raw material for recombination and natural selection to act

upon.

High AT Content of Neointrons

Neointrons are decidedly AT rich compared with surrounding

exons and established introns in the Daphnia genome

(table 1). The enriched AT content may be necessary for the

proper recognition and splicing of new introns. Perhaps

neointrons with substantially higher AT content than their

surrounding exons and established introns in the same gene

are more easily recognized by spliceosomes during splicing

and, thereby, diminish the deleterious effects of these

exon-interrupting sequences. Consistent with this hypothesis,

the most frequent bona fide motifs among neointrons have

AT content at or near 100%. The abundance of AT-rich

repeats in neointrons may help to account for the significantly

higher AT content of neointrons.

Spliceosome and NMD in Daphnia

It has been hypothesized that the permissiveness of spliceo-

somes to recognize introns with weak splicing site opens the

door for intron gain, and that NMD functions as a failsafe

mechanism for weak splicing of new introns, especially in

3n introns (Jaillon et al. 2008; Farlow et al. 2010). This hypoth-

esis is supported by another study in Oikopleura, in which

newly gained introns were frequently noncanonical (mostly

GA–AG introns) (Denoeud et al. 2010). In contrast, nearly all

the neointrons discovered in our analyses have canonical splice

sites, suggesting that Daphnia might have relatively stringent

spliceosomal machinery. A large portion of new introns in D.

pulex contains in-frame premature termination codons (PTCs)

or will cause frameshifts in downstream exons if unspliced.

Our observation that there is no significant difference in the

presence of PTCs between 3n and non-3n introns may reflect

that neointrons surveyed in this study are robustly spliced, thus

obviating a need for NMD to remove deleterious transcripts.

However, a larger number of 3n introns would need to be

examined to draw any firm conclusions. In the event that they

are not spliced out, retained PTC-free introns might apprecia-

bly alter the length and composition of the encoded proteins,

which would very likely be strongly deleterious.

Potential Fates for Newly Gained Exonic Insertions

Our results suggest that sequence insertions in coding regions

are quite common in Daphnia genomes. For the various se-

quences inserted into exons, we propose that there are four

potential fates: 1) Newly inserted sequences in exons that do

not contain proper splicing signals are unlikely to be spliced

and will likely affect gene function adversely, and can be rap-

idly removed by selection; 2) precise splicing of the entire

insert as a neointron; 3) partial splicing that leaves a portion

of the inserted sequence in the mRNA transcript; 4) activation

of latent splice sites in adjacent exon regions, leading to the

splicing of the inserted segment and portions of the adjacent

exons. Partial splicing of inserted sequences or recruitment of

adjacent exon sequences will cause the truncation or exten-

sion of the existing coding regions. If intron gain is a transient

phase in the population, such events will accordingly cause

elevated sequence diversity in alleles that had gained introns

but lost them during the course of intron turnover relative to

ancestral intron-free alleles. This might explain the higher se-

quence diversity (�s) of exons targeted by derived introns com-

pared with adjacent exons. But, it is also possible that coding

regions with higher than usual mutation rates may be more

vulnerable to DSBs, which could potentially pave the way for

new intron formation.

Supplementary Material

Supplementary figures S1–S77 and tables S1–S6 are available

at Genome Biology and Evolution online (http://www.gbe.

oxfordjournals.org/).

Acknowledgments

We thank T. Doak, B. Eads, and W. Sung for helpful discussion

and technical support; S. Trick, D. Fritz, and S. Erb for excellent

undergraduate research; E. Williams for maintaining Daphnia

clones; and S. Schaack and A. Seyfert for early contributions to

the project. This work was supported by one National

Institutes of Health grant (GM101672 to M.L.) and four

National Science Foundation grants (MCB-0342431 to M.L.,

EF-082741 to M.L., EF-0328516 to M.L., and DEB-1011419 to

M.L. and W. L.).

Literature Cited
Abril JF, Castelo R, Guigo R. 2005. Comparison of splice sites in mammals

and chicken. Genome Res. 15:111–119.

Adamowicz SJ, Petrusek A, Colbourne JK, Hebert PD, Witt JD. 2009. The

scale of divergence: a phylogenetic appraisal of intercontinental allo-

patric speciation in a passively dispersed freshwater zooplankton

genus. Mol Phylogenet Evol. 50:423–436.

Bartschat S, Samuelsson T. 2010. U12 type introns were lost at multiple

occasions during evolution. BMC Genomics 11:106.

Belshaw R, Bensasson D. 2006. The rise and falls of introns. Heredity 96:

208–213.

Berget SM, Moore C, Sharp PA. 1977. Spliced segments at the 50 terminus

of adenovirus 2 late mRNA. Proc Natl Acad Sci U S A. 74:3171–3175.

Betley JN, Frith MC, Graber JH, Choo S, Deshler JO. 2002. A ubiquitous

and conserved signal for RNA localization in chordates. Curr Biol. 12:

1756–1761.

Burge CB, Padgett RA, Sharp PA. 1998. Evolutionary fates and origins of

U12-type introns. Mol Cell. 2:773–785.

Burset M, Seledtsov IA, Solovyev VV. 2000. Analysis of canonical and non-

canonical splice sites in mammalian genomes. Nucleic Acids Res. 28:

4364–4375.

Carmel I, Tal S, Vig I, Ast G. 2004. Comparative analysis detects depen-

dencies among the 50 splice-site positions. RNA 10:828–840.

Li et al. GBE

2232 Genome Biol. Evol. 6(9):2218–2234. doi:10.1093/gbe/evu174 Advance Access publication August 14, 2014

-
-
-
c
n
-
. 
-
to 
-
-
-
-
-
-
nonsense
mediated decay (
)
-
-
of 
-
-
-
e current
f
F
f
n
g
e
i
(
n
(
-
(
(
to
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu174/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu174/-/DC1
http://www.gbe.oxfordjournals.org/
http://www.gbe.oxfordjournals.org/


Carmel L, Rogozin IB, Wolf YI, Koonin EV. 2007a. Evolutionarily con-

served genes preferentially accumulate introns. Genome Res. 17:

1045–1050.

Carmel L, Rogozin IB, Wolf YI, Koonin EV. 2007b. Patterns of intron gain

and conservation in eukaryotic genes. BMC Evol Biol. 7:192.

Carmel L, Wolf YI, Rogozin IB, Koonin EV. 2007. Three distinct modes of

intron dynamics in the evolution of eukaryotes. Genome Res. 17:

1034–1044.

Chiara MD, Palandjian L, Feld Kramer R, Reed R. 1997. Evidence that U5

snRNP recognizes the 30 splice site for catalytic step II in mammals.

EMBO J. 16:4746–4759.

Chow LT, Gelinas RE, Broker TR, Roberts RJ. 1977. An amazing sequence

arrangement at the 50 ends of adenovirus 2 messenger RNA. Cell 12:

1–8.

Colbourne JK, et al. 2011. The ecoresponsive genome of Daphnia pulex.

Science 331:555–561.

Collins L, Penny D. 2005. Complex spliceosomal organization ancestral to

extant eukaryotes. Mol Biol Evol. 22:1053–1066.

Coulombe-Huntington J, Majewski J. 2007a. Characterization of intron

loss events in mammals. Genome Res. 17:23–32.

Coulombe-Huntington J, Majewski J. 2007b. Intron loss and gain in

Drosophila. Mol Biol Evol. 24:2842–2850.

Cox MM, et al. 2000. The importance of repairing stalled replication forks.

Nature 404:37–41.

Croll D, McDonald BA. 2012. Intron gains and losses in the evolution of

Fusarium and Cryptococcus fungi. Genome Biol Evol. 4:1148–1161.

Csuros M. 2008. Malin: maximum likelihood analysis of intron evolution in

eukaryotes. Bioinformatics 24:1538–1539.

Csuros M, Rogozin IB, Koonin EV. 2011. A detailed history of intron-rich

eukaryotic ancestors inferred from a global survey of 100 complete

genomes. PLoS Comput Biol. 7:e1002150.

Davila Lopez M, Rosenblad MA, Samuelsson T. 2008. Computational

screen for spliceosomal RNA genes aids in defining the phylogenetic

distribution of major and minor spliceosomal components. Nucleic

Acids Res. 36:3001–3010.

Denoeud F, et al. 2010. Plasticity of animal genome architecture un-

masked by rapid evolution of a pelagic tunicate. Science 330:

1381–1385.

Derr LK, Strathern JN. 1993. A role for reverse transcripts in gene conver-

sion. Nature 361:170–173.

Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary analysis

by sampling trees. BMC Evol Biol. 7:214.

Drummond AJ, Suchard MA, Xie D, Rambaut A. 2012. Bayesian phyloge-

netics with BEAUti and the BEAST 1.7. Mol Biol Evol. 29:1969–1973.

Du H, Rosbash M. 2002. The U1 snRNP protein U1C recognizes the 50

splice site in the absence of base pairing. Nature 419:86–90.

Edwards SV, Beerli P. 2000. Perspective: gene divergence, population di-

vergence, and the variance in coalescence time in phylogeographic

studies. Evolution 54:1839–1854.

Farlow A, Meduri E, Dolezal M, Hua L, Schlotterer C. 2010. Nonsense-

mediated decay enables intron gain in Drosophila. PLoS Genet. 6:

e1000819.

Farlow A, Meduri E, Schlotterer C. 2011. DNA double-strand break repair

and the evolution of intron density. Trends Genet. 27:1–6.

Gan X, et al. 2011. Multiple reference genomes and transcriptomes for

Arabidopsis thaliana. Nature 477:419–423.

Gao X, Lynch M. 2009. Ubiquitous internal gene duplication and intron

creation in eukaryotes. Proc Natl Acad Sci U S A. 106:20818–20823.

Goldberg S, Schwartz H, Darnell JE Jr. 1977. Evidence from UV transcrip-

tion mapping in HeLa cells that heterogeneous nuclear RNA is the

messenger RNA precursor. Proc Natl Acad Sci U S A. 74:4520–4523.

Hazkani-Covo E, Covo S. 2008. Numt-mediated double-strand break

repair mitigates deletions during primate genome evolution. PLoS

Genet. 4:e1000237.

Jackson DA, Pombo A, Iborra F. 2000. The balance sheet for transcription:

an analysis of nuclear RNA metabolism in mammalian cells. FASEB J.

14:242–254.

Jaillon O, et al. 2008. Translational control of intron splicing in eukaryotes.

Nature 451:359–362.

Jensen-Seaman MI, Wildschutte JH, Soto-Calderon ID, Anthony NM.

2009. A comparative approach shows differences in patterns of

numt insertion during hominoid evolution. J Mol Evol. 68:688–699.

Koonin EV. 2009. Intron-dominated genomes of early ancestors of eukary-

otes. J Hered. 100:618–623.

Kuzminov A. 1999. Recombinational repair of DNA damage in Escherichia

coli and bacteriophage lambda. Microbiol Mol Biol Rev. 63:751–813;

table of contents.

Lam HY, et al. 2010. Nucleotide-resolution analysis of structural vari-

ants using BreakSeq and a breakpoint library. Nat Biotechnol. 28:

47–55.

Larkin MA, et al. 2007. Clustal W and Clustal X version 2.0. Bioinformatics

23:2947–2948.

Levine A, Durbin R. 2001. A computational scan for U12-dependent in-

trons in the human genome sequence. Nucleic Acids Res. 29:

4006–4013.

Li R, Li Y, Kristiansen K, Wang J. 2008. SOAP: short oligonucleotide align-

ment program. Bioinformatics 24:713–714.

Li W, Tucker AE, Sung W, Thomas WK, Lynch M. 2009. Extensive, recent

intron gains in Daphnia populations. Science 326:1260–1262.

Librado P, Rozas J. 2009. DnaSP v5: a software for comprehensive analysis

of DNA polymorphism data. Bioinformatics 25:1451–1452.

Lin CF, Mount SM, Jarmolowski A, Makalowski W. 2010. Evolutionary

dynamics of U12-type spliceosomal introns. BMC Evol Biol. 10:47.

Lin H, Zhu W, Silva JC, Gu X, Buell CR. 2006. Intron gain and loss in

segmentally duplicated genes in rice. Genome Biol. 7:R41.

Llopart A, Comeron JM, Brunet FG, Lachaise D, Long M. 2002. Intron

presence-absence polymorphism in Drosophila driven by positive

Darwinian selection. Proc Natl Acad Sci U S A. 99:8121–8126.

Long Q, et al. 2013. Massive genomic variation and strong selection in

Arabidopsis thaliana lines from Sweden. Nat Genet. 45:884–890.

Lynch M. 2002. Intron evolution as a population-genetic process. Proc Natl

Acad Sci U S A. 99:6118–6123.

Lynch M. 2007. The origins of genome architecture, Sunderland (MA):

Sinauer Associates.

Lynch M, et al. 1999. The quantitative and molecular genetic architecture

of a subdivided species. Evolution 53:2016–2016.

Maddison DR, Maddison WP. 2005. MacClade 4: Analysis of phylogeny

and character evolution, Version 4.08a. [cited 2014 Jun 20]. Available

from: http://macclade.org.

Moore MJ. 2005. From birth to death: the complex lives of eukaryotic

mRNAs. Science 309:1514–1518.

Morrison HG, et al. 2007. Genomic minimalism in the early diverging

intestinal parasite Giardia lamblia. Science 317:1921–1926.

Nei M, Li WH. 1979. Mathematical model for studying genetic variation in

terms of restriction endonucleases. Proc Natl Acad Sci U S A. 76:

5269–5273.

Nguyen HD, Yoshihama M, Kenmochi N. 2005. New maximum likelihood

estimators for eukaryotic intron evolution. PLoS Comput Biol. 1:e79.

Omilian AR, Scofield DG, Lynch M. 2008. Intron presence-absence poly-

morphisms in Daphnia. Mol Biol Evol. 25:2129–2139.

Paland S, Colbourne JK, Lynch M. 2005. Evolutionary history of contagious

asexuality in Daphnia pulex. Evolution 59:800–813.

Paland S, Lynch M. 2006. Transitions to asexuality result in excess amino

acid substitutions. Science 311:990–992.

Rogozin IB, Wolf YI, Sorokin AV, Mirkin BG, Koonin EV. 2003. Remarkable

interkingdom conservation of intron positions and massive, lineage-

specific intron loss and gain in eukaryotic evolution. Curr Biol. 13:

1512–1517.

Characterization of Newly Gained Introns GBE

Genome Biol. Evol. 6(9):2218–2234. doi:10.1093/gbe/evu174 Advance Access publication August 14, 2014 2233

http://macclade.org


Rosbash M, Seraphin B. 1991. Who’s on first? The U1 snRNP-50 splice site

interaction and splicing. Trends Biochem Sci. 16:187–190.

Roy SW. 2006. Intron-rich ancestors. Trends Genet. 22:468–471.

Roy SW, Gilbert W. 2005a. The pattern of intron loss. Proc Natl Acad Sci U

S A. 102:713–718.

Roy SW, Gilbert W. 2005b. Rates of intron loss and gain: implications for

early eukaryotic evolution. Proc Natl Acad Sci U S A. 102:5773–5778.

Roy SW, Penny D. 2007. A very high fraction of unique intron positions in

the intron-rich diatom Thalassiosira pseudonana indicates widespread

intron gain. Mol Biol Evol. 24:1447–1457.

Slamovits CH, Keeling PJ. 2006. A high density of ancient spliceosomal

introns in oxymonad excavates. BMC Evol Biol. 6:34.

Stajich JE, Dietrich FS, Roy SW. 2007. Comparative genomic analysis of

fungal genomes reveals intron-rich ancestors. Genome Biol. 8:R223.

Steitz JA, et al. 2008. Where in the cell is the minor spliceosome? . Proc

Natl Acad Sci U S A. 105:8485–8486.

Sverdlov AV, Rogozin IB, Babenko VN, Koonin EV. 2005. Conservation

versus parallel gains in intron evolution. Nucleic Acids Res. 33:

1741–1748.

Tajima F. 1983. Evolutionary relationship of DNA sequences in finite pop-

ulations. Genetics 105:437–460.

Takahata N, Nei M. 1985. Gene genealogy and variance of interpopula-

tional nucleotide differences. Genetics 110:325–344.

Tamura K, et al. 2011. MEGA5: molecular evolutionary genetics analysis

using maximum likelihood, evolutionary distance, and maximum par-

simony methods. Mol Biol Evol. 28:2731–2739.

Tordai H, Patthy L. 2004. Insertion of spliceosomal introns in proto-splice

sites: the case of secretory signal peptides. FEBS Lett. 575:109–111.

Torriani SF, Stukenbrock EH, Brunner PC, McDonald BA, Croll D. 2011.

Evidence for extensive recent intron transposition in closely related

fungi. Curr Biol. 21:2017–2022.

Tucker AE, Ackerman MS, Eads BD, Xu S, Lynch M. 2013. Population-

genomic insights into the evolutionary origin and fate of obligately

asexual Daphnia pulex. Proc Natl Acad Sci U S A. 110:15740–15745.

Turunen JJ, Niemela EH, Verma B, Frilander MJ. 2013. The significant

other: splicing by the minor spliceosome. Wiley Interdiscip Rev RNA.

4:61–76.

Umen JG, Guthrie C. 1995. A novel role for a U5 snRNP protein in 30 splice

site selection. Genes Dev. 9:855–868.

van der Burgt A, Severing E, de Wit PJ, Collemare J. 2012. Birth of new

spliceosomal introns in fungi by multiplication of introner-like ele-

ments. Curr Biol. 22:1260–1265.

Verbeeren J, et al. 2010. An ancient mechanism for splicing control:

U11 snRNP as an activator of alternative splicing. Mol Cell. 37:

821–833.

Vilenchik MM, Knudson AG. 2003. Endogenous DNA double-strand

breaks: production, fidelity of repair, and induction of cancer. Proc

Natl Acad Sci U S A. 100:12871–12876.

Wang D, Su Y, Wang X, Lei H, Yu J. 2012. Transposon-derived

and satellite-derived repetitive sequences play distinct functional

roles in mammalian intron size expansion. Evol Bioinform Online. 8:

301–319.

Yenerall P, Krupa B, Zhou L. 2011. Mechanisms of intron gain and loss in

Drosophila. BMC Evol Biol. 11:364.

Zhang C, et al. 2008. Defining the regulatory network of the tissue-specific

splicing factors Fox-1 and Fox-2. Genes Dev. 22:2550–2563.

Zhang LY, Yang YF, Niu DK. 2010. Evaluation of models of the mecha-

nisms underlying intron loss and gain in Aspergillus fungi. J Mol Evol.

71:364–373.

Associate editor: Laura Landweber

Li et al. GBE

2234 Genome Biol. Evol. 6(9):2218–2234. doi:10.1093/gbe/evu174 Advance Access publication August 14, 2014


