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Abstract

Despitemanystudiesonavianphylogenetics in recentdecades thatusedmorphology,mitochondrialgenomes,and/ornucleargenes,

the phylogenetic positions of several birds (e.g., storks) remain unsettled. In addition to the aforementioned approaches, analysis of

retroposon insertions, which are nearly homoplasy-free phylogenetic markers, has also been used in avian phylogenetics. However,

the first step in the analysis of retroposon insertions, that is, isolation of retroposons from genomic libraries, is a costly and time-

consuming procedure. Therefore, we developed a high-throughput and cost-effective protocol to collect retroposon insertion

information based on next-generation sequencing technology, which we call here the STRONG (Screening of Transposons

Obtained by Next Generation Sequencing) method, and applied it to 3 waterbird species, for which we identified 35,470 loci

containing chicken repeat 1 retroposons (CR1). Our analysis of the presence/absence of 30 CR1 insertions demonstrated the

intra- and interordinal phylogenetic relationships in the waterbird assemblage, namely 1) Loons diverged first among the waterbirds,

2) penguins (Sphenisciformes) and petrels (Procellariiformes) diverged next, and 3) among the remaining families of waterbirds

traditionally classified in Ciconiiformes/Pelecaniformes, storks (Ciconiidae) diverged first. Furthermore, our genome-scale, in silico

retroposon analysis based on published genome data uncovered a complex divergence history among pelican, heron, and ibis

lineages, presumably involving ancient interspecies hybridization between the heron and ibis lineages. Thus, our retroposon-

based waterbird phylogeny and the established phylogenetic position of storks will help to understand the evolutionary processes

of aquatic adaptation and related morphological convergent evolution.
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Introduction

For over a century, the phylogeny of birds (Aves) has been

studied based on morphology (Huxley 1867; Cracraft 1981;

Livezey and Zusi 2007) and molecular analyses, for example,

DNA–DNA hybridization (Sibley and Ahlquist 1990), mito-

chondrial genomics (Morgan-Richards et al. 2008; Pacheco

et al. 2011; Gibb et al. 2013), and nuclear genomics (Fain

and Houde 2004; Ericson et al. 2006; Hackett et al. 2008).

These efforts, especially thanks to the recent availability of

genomic data, have led to a general understanding of

the evolutionary history of modern birds (Jarvis et al.

2014), although several questions remain unanswered.

One long-standing controversial issue is the phyloge-

netic relationships between the waterbird assemblage

(Aequornithes; Mayr 2011), including Procellariiformes,

Sphenisciformes, Gaviiformes, and the traditional orders of

Ciconiiformes (Ciconiidae, Ardeidae, Threskiornithidae,

Balaenicipitidae, Scopidae), and Pelecaniformes (Pelecanidae,

Sulidae, Phalacrocoracidae, Anhingidae, Fregatidae). An evo-

lutionary close relationship among these families has been

supported by morphological and molecular studies (Sibley

and Ahlquist 1990, Fain and Houde 2004; Ericson et al.

2006; Livezey and Zusi 2007; Hackett et al. 2008; Pacheco

et al. 2011; Gibb et al. 2013). However, the phylogenetic
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positions of certain waterbird families, for example, Ciconiidae

(storks), have not been established and are still puzzling even

when molecular analyses were used (Hackett et al. 2008, Gibb

et al. 2013, Kimball et al. 2013; fig. 1).

The Ciconiidae family was first classified as a traditional

Ciconiiformes along with Threskiornithidae and allies

(Bonaparte 1854; Wetmore 1960), but thereafter the phylo-

genetic positions of Ciconiiformes members were found to

vary depending on the study (Garrod 1874; Olson 1979;

Cracraft et al. 2004). One study using DNA–DNA hybridization

proposed that Ciconiidae, including condors, was a sister

group to Pelecanidae (Sibley and Ahlquist 1990), whereas

another suggested a sister relationship between Ciconiidae

and the Procellariiformes + Sphenisciformes clade (Van

Tuinen et al. 2001). Full-length mitochondrial genomic

sequencing yielded different results owing possibly to taxon

sampling and/or the analytical method employed (Watanabe,

Nikaido, Tsuda, Kobayashi, et al. 2006; Pacheco et al. 2011;

Gibb et al. 2013). For example, one study proposed that

Ardeidae are the closest relatives of Ciconiidae (Gibb et al.

2013), whereas another suggested a sister relation-

ship between Ciconiidae and Sphenisciformes (penguins)

(Pacheco et al. 2011). Recent nuclear gene analyses (Hackett

et al. 2008; Kimball et al. 2013; Jarvis et al. 2014) support the

idea that the traditional orders of Pelecaniformes and

Ciconiiformes are polyphyletic and that flamingos, which

have been traditionally classified as Ciconiiformes, should be

excluded from the waterbird assemblage (Hackett et al. 2008;

Kimball et al. 2013; Jarvis et al. 2014). Accordingly, the

latest avian classification defines Pelecanidae, Ardeidae,

Threskiornithidae, Balaenicipitidae, and Scopidae as

Pelecaniformes, and Ciconiidae as the only member of

Ciconiiformes (Gill and Donsker 2015). Suloidea

(Sulidae + Phalacrocoracidae + Anhingidae; Cracraft 1985)

and Fregatidae were excluded from Pelecaniformes and desig-

nated as the order Suliformes (supplementary table S1,

Supplementary Material online). However, the phylogenetic

position of Ciconiidae has yet to be determined with a suffi-

ciently great bootstrap probability (BP) even for large-scale

studies, that is, those that used 19 or 50 nuclear gene

sequences (fig. 1C and D; Hackett et al. 2008; Kimball et al.

2013). A recent genome-scale study that resolved many avian

phylogenic issues did not include Ciconiidae (Jarvis et al.

2014).

Certain locomotion-related morphological characteristics

seem to have convergently evolved in marine birds (Livezey

and Zusi 2007; Felice and O’Connor 2014). Also, in

Ciconiiformes, some of their morphological features have

been proposed to be a result of evolutionary convergence

(Olson 1979). If the phylogenetic position of Ciconiidae

could be unambiguously established, it would be possible to

identify the characteristics that have been subjected to con-

vergent evolution and to explain why waterbird phylogenetics

has been perplexing for decades. Therefore, determining the

phylogenetic position of Ciconiidae is a very important yet

long-standing puzzle in avian phylogenetics.

Another important issue concerning waterbirds is the

phylogenetic relationship among herons (Ardeidae), ibises

(Threskiornithidae), and the pelican-related group

(Pelecanidae + Balaenicipitidae + Scopidae). A 19-loci nuclear

gene analysis proposed that ibises are evolutionarily closer to

herons than pelicans (BP = 72; fig. 1C; Hackett et al. 2008),

whereas a genome-scale study concluded that pelicans and

herons form a monophyletic group (BP = 100) (Jarvis et al.

2014). To elucidate the evolutionary history of these birds,

other molecular phylogenetic markers (e.g., retroposon inser-

tions) should be characterized.

Retroposons, such as short and long interspersed elements

(SINEs and LINEs), are transposable elements that propagate

via reverse transcription of their RNA intermediates and sub-

sequent integration into host genomes (Okada et al. 1997;

Deininger and Batzer 2002). Because there is exceedingly

small likelihood that retroposons would be precisely excised

or independently inserted into exactly the same orthologous

site in different lineages, a retroposon insertion is a unique,

powerful, nearly homoplasy-free phylogenetic molecular

marker (Shedlock and Okada 2000). These features of retro-

posons have allowed researchers to resolve difficult phyloge-

netic issues for various species, for example, fish (Murata et al.

1993), turtles (Sasaki et al. 2004), mammals (Shimamura et al.

1997; Nikaido et al. 1999, 2001; Kriegs et al. 2006; Nishihara

et al. 2006, 2009; Churakov et al. 2009), and birds

(Watanabe, Nikaido, Tsuda, Inoko, et al. 2006; Kaiser et al.

2007; Kriegs et al. 2007; Suh et al. 2011, 2012; Haddrath and

Baker 2012).

The chicken repeat 1 retroposon (CR1) family belongs to

LINEs (Stumph et al. 1981; Burch et al. 1993; Suh et al. 2014)

and represents the most active transposable element in avian

genomes, for example, it accounts for ~85% of all transpos-

able elements in chicken (Hillier et al. 2004). Although a full-

length CR1 is ~4.5 kb, most are truncated at the 50 end

owing to incomplete integration that starts at the 30 end

(Vandergon and Reitman 1994; Hillier et al. 2004). For ex-

ample,>90% of CR1s are found to be<1 kb in length in the

chicken genome (unpublished data). The abundance of CR1s

has allowed researchers to use them as avian phylogenetic

markers (Watanabe, Nikaido, Tsuda, Inoko, et al. 2006;

Kaiser et al. 2007; Kriegs et al. 2007; Suh et al. 2011,

2012; Haddrath and Baker 2012) and more detailed in the

analysis of the waterbirds (Watanabe, Nikaido, Tsuda, Inoko,

et al. 2006), although, in that study, the position of

Ciconiidae was not resolved. In general, retroposon insertion

analysis requires construction of a genomic library to screen

for CR1-containing clones by Southern hybridization

(Watanabe, Nikaido, Tsuda, Inoko, et al. 2006; Nishihara

and Okada 2008), except when genomic sequence data of

a reference species are available in a public database (Kaiser

et al. 2007; Kriegs et al. 2007; Suh et al. 2011). Moreover, it
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is difficult to determine early divergent branching points

using retroposons because it is difficult to isolate older

CR1s with intense accumulated mutations and consequently

because of a biased isolation of recently inserted ones. In

addition, screening by hybridization requires a huge effort

and its cost-effectiveness is low. A more cost-effective poly-

merase chain reaction (PCR)-based protocol for loci with in-

serted CR1s has been proposed (Suh et al. 2012). Also,

another extensive protocol using PCR and magnetic beads

for isolation of a certain SINE has been proposed, but it still

requires substantial experimental effort (Platt et al. 2015).

To overcome the inconvenience of traditional hybridiza-

tion-based methods used for avian phylogenetics, we devel-

oped a cost-effective protocol for comprehensive CR1

searching based on next-generation sequencing (NGS) tech-

nology as reported herein. We used this protocol, designated

as the STRONG (Screening of Transposons Obtained by Next

Generation Sequencing) method, to analyze retroposon inser-

tions in waterbird genomes, which allowed us to clarify their

order/family-level phylogeny and the phylogenetic position of

Ciconiidae. In addition, a comprehensive CR1 analysis using a

recently compiled genomic data set allowed us to uncover the

ancient, complex evolutionary history among Ardeidae,

Threskiornithidae, and Pelecanidae lineages, which appears

to involve the past interspecies hybridization.

Materials and Methods

The STRONG Method; NGS-based Identification of CR1s

The STRONG method was schematically shown in figure 2.

We collected 35,470 loci with CR1 insertions from the

genomes of the white-chinned petrel (Procellaria aequinoctia-

lis), little egret (Egretta garzetta), and brown pelican

(Pelecanus occidentalis) in total. First, genomic DNA from

each of the three species was extracted from muscle or liver

tissue according to Sambrook et al. (1989). DNA fragments

were used to construct paired-end libraries containing

~170 bp inserts for NGS. High-throughput paired-end

FIG. 1.—Four representative waterbird phylogenetic trees that include storks based on (A) morphology (Livezey and Zusi 2007), (B) mitochondrial

genomic analysis (Gibb et al. 2013), (C) 19 nuclear loci analysis (Hackett et al. 2008), and (D) 50 nuclear loci analysis (Kimball et al. 2013). Values above each

node are bootstrap probabilities. The Ciconiidae lineages are highlighted.
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sequencing was conducted with an Illumina HiSeq2000 instru-

ment at Beijing Genomics Institute (Shenzhen, China), and

5.9, 8.4, and 9.9 M pairs of 100 nt in length were obtained

for the petrel, egret, and pelican fragments, respectively (table

1). For each read pair, the original insert sequence was recon-

structed by finding sequences containing�15 identical nucle-

otides for the forward and reverse reads, which resulted in

5.8 M (97.1%), 8.1 M (96.0%), and 9.7 M (97.7%) sequences

for the petrel, egret and pelican, respectively. Next,

RepeatMasker (http://www.repeatmasker.org, last accessed

October 31, 2015) in conjunction with the Aves repeat library

(version 20140131) was used to find all CR1s in the se-

quences. Fragments containing a CR1 and a 50- or 30-flanking

sequence of �80 nucleotides accounted for 15,168, 62,781,

and 65,853 sequences for the petrel, egret, and pelican, re-

spectively. All flanking sequences were searched with BLASTN

against the genome of zebra finch (taeGut1 available at the

UCSC Genome Browser; http://genome.ucsc.edu/, last

accessed October 31, 2015), whose genomic data and retro-

poson annotation were best established among Neoaves. The

BLASTN searches were conducted with the parameters r = 2,

G = 5, E = 2, and an e-value of <1�10�10. The numbers of

orthologs, found as single-hit sequences by BLASTN, were

4,098, 15,114, and 16,258 for the petrel, egret, and pelican,

respectively. Based on the zebra finch ortholog information,

the corresponding orthologous sequences in the genomes of

the medium ground finch (Geospiza fortis), budgerigar

(Melopsittacus undulatus), wild turkey (Meleagris gallopavo),

and chicken (Gallus gallus) were retrieved from the

multispecies alignment data (geoFor1.7way.maf available in

the UCSC database). In addition, the orthologous sequences

in the genomes of the peregrine falcon (Falco peregrinus;

GenBank: AKMT00000000) and saker falcon (Falco cherrug;

GenBank: AKMU00000000) were obtained by BLASTN

searches using the zebra finch sequences as queries as de-

scribed above. The collected sequences were aligned by

MAFFT (Katoh and Standley 2013). Among the collected

loci with CR1 insertions, RepeatMasker analysis revealed

that CR1 insertions were absent in zebra finch for 2,684,

11,615, and 11,717 loci from the petrel, egret, and

pelican, respectively, which are ready for the following PCR

analysis.

Analysis of Inserted Retroposons

PCR primers were designed using relatively conserved flanking

regions of each CR1 locus where the CR1 insertion was not

present in two distantly related birds, i.e., chicken and zebra

finch. For CR1 insertion analysis, we used the genomes of

eight waterbird families as well as those of four nonwaterbird

species (supplementary table S1, Supplementary Material

online). These four species may be closely related to water-

birds (Fain and Houde 2004; Ericson et al. 2006; Livezey and

Zusi 2007; Hackett et al. 2008; Jarvis et al. 2014). The pres-

ence or absence of each CR1 was characterized for randomly

selected 49, 119, and 96 loci from petrel, egret, and pelican

DNA, respectively (supplementary table S2, Supplementary

Material online). All PCR experiments were performed with

an initial denaturation step at 95�C for 3 min, followed by

35 cycles of denaturation at 95�C for 1 min, annealing at 50

or 55�C for 30 sec, and extension at 72�C for 2 min with the

use of Ex Taq kit reagents (TaKaRa BIO, Shiga, Japan). After

knowing that PCR products were well electrophoretically

separated, we sequenced them to confirm that they repre-

sented bona fide informative loci. The presence or absence

of a CR1 was determined by RepeatMasker after aligning

the sequences using MEGA (Tamura et al. 2013). All

FIG. 2.—The STRONG method used in this study. The procedure involves 1) paired-end sequencing, 2) reconstruction of sequences of ~170 bp, 3) CR1

search by RepeatMasker, and 4) ortholog searches for the retroposon-flanking sequences.
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sequences were deposited in DNA Data Bank of Japan (DDBJ)

(accession numbers: LC072269–LC072649). In the PCR-based

CR1 insertion analysis, the significance for the number of

CR1 loci to obtain the confidence of a node was evalu-

ated based on the likelihood ratio test (Waddell et al. 2001).

Comparison of Loci with Inserted CR1s based on
Genomic Assemblies

We also performed a genome-scale CR1 insertion analysis

using the information reported by Jarvis et al. (2014) concern-

ing the genomic assemblies of the little egret, crested ibis

(Nipponia nippon), Dalmatian pelican (Pelecanus crispus),

and great cormorant (Phalacrocorax carbo) to complement

their evolutionary history. All CR1s in these four genomic

assemblies were identified by RepeatMasker using the Aves

repeat library (version 20140131). To find orthologs of loci

with CR1 insertions, 150 bp upstream and downstream flank-

ing sequences of all CR1s were collected, and after removal of

repetitive sequences each set of the flanking sequences was

used as a query in a BLASTN search against the other three

genomes. The BLASTN search was conducted with the param-

eters described above. Sequences were considered ortholo-

gous and retained if two hits from two independent searches

using upstream and downstream sequences of CR1, respec-

tively, were located in approximately the same region, that is,

<2 kbp apart, so that most of CR1 insertions can be tested,

based on the fact that >98% of all CR1 are <2 kbp due to

50-truncation in chicken (unpublished data). A sequence align-

ment of the four orthologous sequences was performed with

MAFFT (Katoh and Standley 2013). After removing over-

lapped data, the presence or absence of a CR1 in each

locus was determined by RepeatMasker followed by manual

validation. The absence of CR1s in the zebra finch, Fulmarus,

and Gavia was confirmed for all phylogenetically informative

loci obtained by examining the orthologs in their genomes

(Jarvis et al. 2014). The significance of the number of CR1

loci to obtain the confidence of a node involving the four

waterbird lineages was evaluated by chi-square test. The

interspecies hybridization was tested based on the KKSC

significance test (Doronina et al. 2015; http://retrogenomics.

uni-muenster.de:3838/KKSC_siginificance_test/, last accessed

October 31, 2015).

Results

Phylogenetic Position of Ciconiidae on the Waterbird
Phylogenetic Tree

The presence or absence of a CR1 was characterized for 49,

119, and 96 loci obtained from the genomes of the white-

chinned petrel, little egret, and brown pelican, respectively.

Among them, 10, 12, and 8 loci, respectively, were found

to be phylogenetically informative (fig. 3 and supplementary

table S3, Supplementary Material online). Five CR1 insertions

suggested the monophyly of the waterbird assemblage

(Aequornithes) (branch 1 in fig. 3B). Because we did not

find a CR1 insertion that was inconsistent with the pres-

ence/absence pattern, this conclusion was statistically signifi-

cant for the [5 0 0] retroposon insertion pattern as

shown by the likelihood ratio test (P = 0.0041; Waddell et al.

2001). The monophyly of Pelecaniformes, Ciconiiformes,

Procellariiformes, and Sphenisciformes was strongly indicated

by the eight additional CR1 insertions found for branch

2 (P = 0.00015 [8 0 0]; fig. 3B), suggesting the first divergence

of Gaviiformes. From morphological, mitochondrial, and nu-

clear genetic studies, it has not been fully resolved what spe-

cies diverged first in the waterbird assemblage (fig. 1). In

addition to our previous evidence (Watanabe, Nikaido,

Tsuda, Inoko, et al. 2006), this study clearly demonstrated

the early divergence history of waterbirds. Our tree is consis-

tent with those produced by nuclear gene analyses (Hackett

et al. 2008; Jarvis et al. 2014) but not with that of the 50-loci

gene analysis of Kimball et al. (2013) (fig. 1).

Regarding the phylogenetic position of Ciconiidae,

we found that seven CR1 loci represent a mono-

phyletic clade for the families traditionally classified as

Ciconiiformes and Pelecaniformes (branch 3 in fig. 3B).

This clade is a sister group of Austrodyptornithes (the

Procellariiformes + Sphenisciformes clade). We found five ad-

ditional retroposon insertions, suggesting that Ciconiidae

had diverged from the traditional group of Ciconiiformes

and Pelecaniformes (branch 4 in fig. 3B). We found only

Table 1

Number of Read Pairs/Sequences Obtained after Each Step in the Construction of NGS-based CR1 Libraries for the White-

Chinned Petrel, Little Egret, and Brown Pelican

Species Read-pairs (step 1) Reconstructed

fragments (step 2)

CR1s (step 3) Orthologs

corresponding to zebra

finch loci (step 4)

White-chinned petrel 5,939,158 5,768,938 15,168 4,098

Little egret 8,389,771 8,056,647 62,781 15,114

Brown pelican 9,918,513 9,693,328 65,853 16,258

NOTE.—Data and step number are given in figure 2.
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two CR1s whose insertion patterns were inconsistent with

any of the other 28 loci (fig. 3 and supplementary table S3,

Supplementary Material online). One locus, LEg811, had a

CR1 insertion in the genomes of all the waterbirds except for

the loon and petrel. For locus LEg566, CR1 was observed for

all waterbirds except those of the loon and gannet. The two

incongruent CR1 patterns may have arisen from incomplete

sorting of CR1 presence/absence dimorphisms in the ances-

tral lineages (Shedlock et al. 2004), as shown by other retro-

poson studies in fish (Takahashi et al. 2001; Terai et al.

2003), birds (Suh et al. 2011; Matzke et al. 2012), and

mammals (Nikaido et al. 2006; Churakov et al. 2009;

Nishihara et al. 2009). Given that the CR1s were absent

from LEg811 and LEg566 in the loon genome, these CR1

insertions probably occurred after divergence of Gaviiformes

(branch 2 in fig. 3B). Subsequently, the CR1 presence/ab-

sence dimorphisms were not fixed in the ancestral popula-

tions of the petrel and gannet lineages during the relatively

rapid divergences of these waterbird families/orders. Even

though the CR1 in LEg566 showed an incongruent insertion

pattern, the two clades defined by branches 3 and 4 were

significantly supported (P = 0.0014 for [7 1 0] of branch 3

and P = 0.0096 for [5 1 0] of branch 4; Waddell et al. 2001).

Thus, we believe that our results represent conclusive evi-

dence for the phylogenetic position of Ciconiidae. This

result also indicates that the traditional Ciconiiformes

(Ciconiidae, Ardeidae, Threskiornithidae, Balaenicipitidae,

and Scopidae) is polyphyletic, a finding that is in agreement

with recent nuclear gene analyses (Hackett et al. 2008;

Kimball et al. 2013), although the relatively close relationship

of Ciconiidae with Ardeidae and Threskiornithidae is sug-

gested by morphological (Cracraft 1981; Livezey and Zusi

2007) and, in part, by a mitochondrial genomic analysis

(Gibb et al. 2013).

Regarding other phylogenetic relationships, we character-

ized one locus for which a CR1 insertion was found only for

Pelecanidae + Ardeidae + Threskiornithidae (branch 5 in fig.

3B). In addition, two CR1 insertions were observed exclu-

sively in Procellariiformes and Sphenisciformes (branch 6 in

fig. 3B) although one (LEg811) had an inconsistent pattern

(P = 0.15 [2 1 0]; Waddell et al. 2001). The two

CR1-containing loci supporting the formation of the

Procellariiformes + Sphenisciformes clade agree with recent

nuclear gene analyses (Hackett et al. 2008; Kimball et al.

2013; Jarvis et al. 2014) and, in part, with morphological stud-

ies (Livezey and Zusi 2007) (fig. 1).

FIG. 3.—Waterbird phylogeny reconstructed by retroposon insertion analysis. (A) Electrophoretic analysis of the presence/absence of CR1 for six

representative loci. The solid and open arrowheads identify PCR products that do or do not contain CR1, respectively. Left and right lanes labeled

“Marker,” HincII digest of �X174. Sequence alignments are shown in supplementary figure S1, Supplementary Material online. (B) Waterbird phylogenetic

tree based on our CR1 insertion analysis. The numbers of CR1 insertions are shown as arrowheads, and their associated loci are named above the branches.

The names of the branches 1–6 supported by the CR1 insertions are shown above the corresponding branch. The highlighted line is leading to storks.

Asterisks represent statistically significant support for each clade (***P<0.001; **P< 0.01). At the two loci of LEg811 and LEg566, identified by grey

arrowheads and the names marked with daggers, it is likely that CR1s were inserted at branch 2 and were subsequently subjected to incomplete lineage

sorting, resulting in showing conflict insertion patterns of LEg566 with branch 3 and 4 and that of LEg811 with branch 6.
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Hybridization during the Divergence History of
Pelecaniformes

Because the phylogenetic relationship for the pelican, herons

(egret), and ibis was not resolved by the analysis described

above, we performed a genome-scale CR1 insertion analysis

using the large-scale sequence data reported by Jarvis et al.

(2014). The sequence data for the little egret, crested ibis,

Dalmatian pelican, and great cormorant served as representa-

tives of Ardeidae, Threskiornithidae, Pelecanidae, and

Suloidea, respectively. The presence/absence patterns for all

CR1 elements in the genomes of the 4 species were investi-

gated, and 97 phylogenetically informative CR1 insertions

were found (fig. 4). Among them, insertions in 63 loci were

indicative of Suloidea diverging first (P<0.001, chi-square

test; fig. 4A and B), although several incongruent patterns

were also found. That Suloidea diverged first was reinforced

by the observation that the numbers of isolated CR1 loci

were not biased among the species, that is, 26, 19,

and 23 loci for the egret, ibis, and pelican genomes, respec-

tively (5 were isolated from 2 species). Therefore, our

study provides conclusive evidence for the monophyly of

Ardeidae + Threskiornithidae + Pelecanidae and confirms

recent reports that used nuclear gene analyses (Hackett

et al. 2008; Jarvis et al. 2014). In addition, characterization

of the 19 incongruent loci suggested that a rapid ancestral

radiation of these families occurred. This conclusion also sup-

ports the recently proposed waterbird classification (IOC

World Bird List Version 5.2) where Ardeidae and

Threskiornithidae are included within Pelecaniformes.

Regarding the relationship among Pelecanidae (pelicans),

Ardeidae (herons), and Threskiornithidae (ibises), recent

nuclear gene analyses suggest monophyly for Pelecanidae +

Ardeidae (Jarvis et al. 2014) or Ardeidae + Threskiornithidae

(Hackett et al. 2008). In our retroposon analysis, nine CR1

insertions were found to be shared by Pelecanidae and

Ardeidae, whereas six insertions were found in Ardeidae

and Threskiornithidae (fig. 4C). These 15 CR1 elements

were evenly isolated from the genomes of the 3 species.

Namely, seven, four, and five loci were found from the

egret, ibis, and pelican, respectively (one was found from

two species). Accordingly, no ascertainment bias was appar-

ent in our study. Notably, no CR1 insertion was shared by

Pelecanidae and Threskiornithidae (P = 0.031, KKSC signifi-

cance test; Doronina et al. 2015), which is important because

if the three species diverged simultaneously, an equal number

of inconsistent insertions would theoretically be observed

owing to incomplete lineage sorting (Waddell et al. 2001;

Churakov et al. 2009; Nishihara et al. 2009). We, therefore,

interpreted these results as follows. Regarding the phyloge-

netic relationship among Pelecanidae (pelicans), Ardeidae

(herons), and Threskiornithidae (ibises), the monophyly of

Pelecanidae and Ardeidae seemed most likely because the

nine CR1-containing loci described above supported the

formation of the clade as does the genome-scale sequence

analysis of Jarvis et al. (2014), which had 100% BP. If this is

the case, our result that no CR1-containing locus was found to

be shared by Pelecanidae and Threskiornithidae can be

explained as follows. After divergence of Suloidea, followed

by the establishment of the three species, namely,

Threskiornithidae, Pelecanidae, and Ardeidae, interspecies hy-

bridization between the ancestral populations of Ardeidae

and Threskiornithidae lineages occurred. This is the most plau-

sible explanation for the current retroposon data (fig. 4).

Discussion

Advantages of a Genome-Scale Retroposon Screen for
Retroposon-based Phylogeny as well as Resolution of
Rapid Radiation

This study demonstrates the usefulness and effectiveness of

our NGS-based protocol and the genome-scale CR1 insertion

analysis, which we call the STRONG method, to resolve wa-

terbird phylogeny. The greatest advantage of our method is

that a huge number of retroposons can be isolated. For

example, from the analysis of the brown pelican genome pro-

duced by ~1� coverage of its genome with the assumption

that the size of the genome is 1.4 Gb (Gregory et al. 2007), we

obtained ~16,000 CR1-containing sequences for which

orthologous loci are also found in the zebra finch genome.

The second advantage of the method is that sequencing is not

inherently biased, which enabled us to find both anciently and

recently inserted retroposons. Although the protocol requires

a reference genomic sequence for subsequent PCR analysis,

this constraint may be overcome as the amount of whole-

genome data increases. We expect the STRONG method to

become a standard approach for retroposon insertion analysis.

The availability of a number of retroposons should allow us

to overcome phylogenetic problems related to incomplete lin-

eage sorting and introgression. For example, rapid radiation

from the common ancestor of Neoaves to the major avian

orders is thought to have occurred within a very short evolu-

tionary time (Feduccia 1995; Jetz et al. 2012; Jarvis et al.

2014), and retroposon insertion analysis has shed light on

incomplete lineage sorting (Suh et al. 2011; Matzke et al.

2012). On the other hand, inconsistent retroposon insertions

have not been reported for the cases of divergences in

Galliformes (Kaiser et al. 2007; Kriegs et al. 2007), paleog-

naths (Haddrath and Baker 2012), and grebes (Suh et al.

2012), suggesting that radiation did not occur during their

evolution. In this study, the phylogenetic relationships

among waterbirds were established using statistically signifi-

cant numbers of retroposon insertions (P< 0.001 for two

branches and P< 0.01 for three branches, fig. 3) despite the

presence of CR1 loci with incomplete lineage sorting.

Specifically, the monophyly of Pelecanidae, Ardeidae, and

Threskiornithidae is significantly supported by 63 CR1 loci
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despite the presence of 19 insertions showing inconsistent

patterns. These observations suggest that moderately rapid

radiation probably occurred during the divergences of water-

bird orders/families. We demonstrated that, even in the pres-

ence of incomplete lineage sorting, inclusion of a relatively

large number of retroposons can overcome the uncertainty

introduced by incomplete lineage sorting (Doronina et al.

2015).

Very recently Suh et al. (2015) performed a genome-scale

analysis of >2,000 long terminal repeat (LTR) retrotransposon

insertions based on the genomic data of Jarvis et al. (2014).

They reported that the waterbird phylogeny proposed by

Jarvis et al. (2014) (excluding storks) was well supported by

retroposon insertions, and waterbirds showed less inconsis-

tent insertion patterns than deeper interordinal relationships,

also providing the support to our present conclusion.

Phylogenetic Position of Storks (Ciconiidae) in the
Waterbird Assemblage

Our retroposon analysis strongly supports the monophyly of

the families traditionally classified as Pelecaniformes and

Ciconiiformes (P = 0.0014 for branch 3 in fig. 3B; Waddell

et al. 2001). Most birds in this group live in semiaquatic envi-

ronments, whereas other waterbirds (e.g., Gaviiformes,

Procellariiformes, and Sphenisciformes) are more adapted to

aquatic life. Regarding the phylogenetic position of storks

(Ciconiidae), various birds, for example, the condor (Sibley

and Ahlquist 1990), penguin (Pacheco et al. 2011), Ardeidae

(Fain and Houde 2004; Gibb et al. 2013), and flamingo

(Cracraft 1981; Livezey and Zusi 2007), have been proposed

as a sister group. Our retroposon insertion analysis provides

conclusive evidence that Ciconiidae was the first to diverge

from the traditional Pelecaniformes and Ciconiiformes group,

which is consistent with the results for the 19 nuclear gene

analysis of Hackett et al. (2008) (fig. 1C) but not with the 50

nuclear gene analysis of Kimball et al. (2013) (fig. 1D).

Having established a conclusive retroposon-based water-

bird phylogeny, it can now be used to reconsider and discuss

their evolution in terms of morphology and ecology. For

example, Livezey and Zusi (2006) proposed a diagnostic,

synapomorphic feature of the radius for traditional

Ciconiimorphae (storks, herons, ibis, hamerkop, and flamin-

gos). However, among the Ciconiimorphae, herons and ibises

(fig. 3) and hamerkops (Hackett et al. 2008) are more closely

related to pelicans and Suloidea, which do not share this fea-

ture, than are storks and flamingos. The flamingo was ex-

cluded from the waterbird assemblage (fig. 3), which is

consistent with other molecular studies (Hackett et al. 2008;

Jarvis et al. 2014). Accordingly, it is likely that this osteological

feature convergently evolved for storks, flamingos, and other

birds on our tree. In addition, Cracraft (1981) reported that

the legs and skulls of storks, flamingos, and ibises share very

similar osteological features, which also suggests that many

morphological characters have been subjected to convergent

evolution, presumably owing to their similar means of loco-

motion (Livezey and Zusi 2007; Felice and O’Connor 2014).

Livezey and Zusi (2006) characterized the sterna as a dis-

tinctive feature that is shared by pelicans, herons, ibises,

Suloidea, storks, and flamingos. Our retroposon analysis dem-

onstrates that all these birds, except flamingos, form a mono-

phyletic group (branch 3 in fig. 3B). Therefore, it is likely that

this osteological feature has evolved once in the waterbird

assemblage and once in the flamingo lineage. Thus, based

on our waterbird phylogeny, re-examination of morphological

characteristics should reveal conclusive diagnostic synapomor-

phies and features that tend to be subjected to convergent

evolution, as recently shown by two studies (Smith 2012;

Felice and O’Connor 2014).

Ancient Interspecies Hybridization Detected by Our
Retroposon Analysis

This study provides the most likely scenario for the

evolution of Pelecanidae (pelicans), Ardeidae (herons), and

FIG. 4.—CR1 insertion analysis for Pelecanidae, Ardeidae, Threskiornithidae, and Phalacrocoracidae based on their genomic assemblies. (A) Relationship

among the four families (***P< 0.001). The circled numbers represent the numbers of supporting CR1 insertions. (B) The monophyly of Pelecanidae,

Ardeidae, and Threskiornithidae is supported by 63 CR1 loci, but 6 incongruent patterns involving 19 markers are also present. The presence or absence of

CR1 is represented by “+” and “�”, respectively, and each pattern is supported by the number of CR1 insertions given at the bottom of the figure. (C) Three

insertion patterns for the relationship among Pelecanidae, Ardeidae, and Threskiornithidae. The numbers of supporting CR1 insertions are given at the

bottom of the figure.
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Threskiornithidae (ibises) using genome-scale retroposon in-

sertion analysis. Namely, we suggest that an interspecies hy-

bridization occurred involving the ancestral populations of

Ardeidae and Threskiornithidae lineages (fig. 4). This sugges-

tion has not been proposed before, which indicates the ad-

vantage achieved by using the nearly homoplasy-free nature

of retroposon insertion analysis.

Jarvis et al. (2014) performed a genome-scale comparative

analysis of long terminal repeat retroposons in an attempt to

resolve the phylogenetic relationships of land birds. They

found 22 loci consistent with the monophyly of owls and

Eucavitaves (e.g., cuckoo-rollers and woodpeckers), whereas

15 other loci are consistent with the monophyly of owls and

Accipitrimorphae (e.g., hawks and condors). However, no ret-

roposon locus has been found that supports the grouping of

Eucavitaves and Accipitrimorphae (Jarvis et al. 2014). We con-

sider these findings to be the support for the occurrence of an

interspecies hybridization event involving the owl lineage.

Thus, species divergence did not always occur with con-

stant bifurcations during and after the radiation of Neoaves.

To characterize the evolution of a species, sequence analyses

as well as rare genomic changes, for example, retroposon

insertions, should be used (Rokas and Holland 2000).

Researchers must be cognizant that there is always the possi-

bility that ancient interspecies hybridization occurred during

evolution and that it can be assessed by retroposon insertion

analysis.

Supplementary Material

Supplementary figure S1 and tables S1–S3 are available at

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

oxfordjournals.org/).
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