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Abstract

Many phylogenetic questions in the Ciconiiformes remain unresolved and complete mitogenome data are urgently
needed for further molecular investigation. In this work, we determined the complete mitogenome sequence of the lit-
tle egret (Egretta garzetta). The genome was 17,361 bp in length and the gene organization was typical of other
avian mtDNA. In protein-coding genes (PCGs), a C insertion was found in ND3, and CO Il and ND4 terminated with
incomplete stop codons (T). tRNA-Val and tRNA-Ser (AGY) were unable to fold into canonical cloverleaf secondary
structures because they had lost the DHU arms. Long repetitive sequences consisting of five types of tandem re-
peats were found at the 3’ end of Domain Il in the control region. A phylogenetic analysis of 11 species of
Ciconiiformes was done using complete mitogenome data and 12 PCGs. The tree topologies obtained with these
two strategies were identical, which strongly confirmed the monophyly of Ardeidae, Threskiorothidae and Ciconiidae.
The phylogenetic analysis also revealed that Egretta was more closely related to Ardea than to Nycticorax in the
Ardeidae, and Platalea was more closely related to Threskiornis than to Nipponia in the Threskiornithidae. These
findings contribute to our understanding of the phylogenetic relationships of Ciconiiformes based on complete
mitogenome data.
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Introduction

With more than 9,000 living species, Aves is the most
diverse class of vertebrates. The huge number of species,
complex morphological characters and wide range of eco-
logical behaviors make it difficult to solve the phylogenetic
relationship of birds in traditional taxonomy (Bock, 1956;
Howard and Moore, 1980; Monroe and Sibley, 1993).

The order Ciconiiformes, consisting of more than 110
species of large or medium size waders, has traditionally be
classified into five families (Ciconiidae, Threskiornithidae,
Ardeidae, Balaenicipitidae and Scopidae) (Howard and
Moore, 1980; Austin, 1985; Gill, 1990; Clements, 2000;
Zheng, 2002). However, there have been various uncertain-
ties regarding the evolutionary relationships of different
taxa in this order: (1) The phylogenetic relationships
among the five families have been questioned in morpho-
logical studies (Kahl, 1972; Cracraft, 1981), (2) the Family
Ardeidae was divided into two subfamilies (Ardeinae and
Botaurinae) by Bock (1956) and Zheng (1997), but into
four subfamilies (Ardeinae, Nycticoracinae, Botaurinae
and Tigrisomatinae) by Payne and Risley (1976), and (3)
the phylogenetic status of several species in the traditional
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classification of the subfamily Ardeinae has been ques-
tioned. For example, the great egret was initially placed in
an independent genus Casmerodius (Peter, 1931), but was
put in Egretta by Bock (1956) and Ardea by Payne and
Risley (1976). Similarly, the intermediate egret was ini-
tially included in Egretta, but then placed in Mesophoyx by
Sibley and Monroe (1990). The taxonomic position of the
cattle egret had also changed many times; in early taxo-
nomic literature this species belonged to Bubulcus (Peter,
1931), but was subsequently placed in Ardeola by Bock
(1956) and in Egretta by Payne and Risley (1976).

Genome sequences, which provide direct information
on evolutionary history, are perfect markers for phylogen-
etic studies since the resulting analyses can be used to as-
sess and revise the conclusions of traditional taxonomy. In
the last 30 years, molecular investigations have shed new
light on the evolutionary history of the Ciconiiformes.
Based on DNA hybridization results, Sibley et al. (1988)
merged Ciconiiformes and four other orders (Gaviiformes,
Podicipediformes, Lariformes and Charadriiformes) into a
huge new order. However, recent molecular studies have
proposed the paraphyly of Ciconiiformes because the her-
ons and ibises in this group showed a close relationship
with Pelecaniformes, whereas the storks were closely re-
lated to Sphenisciformes (Hedges and Sibley, 1994;
Cracraft et al., 2004; Hackett et al., 2008; Pacheco et al.,
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2011). The North American Classification Committee
(NACC) has recommended that the families Ardeidae,
Threskiornithidae, Balaenicipitidae and Scopidac be
merged into Pelecaniformes, and Ciconiiformes was re-
stricted to include only the Ciconiidae.

Molecular studies of the Ardeidae have indicated that
day herons and night herons are closely related, and that
Nycticoracinae should be merged into Ardeinae, while the
tiger herons and boat-billed heron were basal lineages and
should be placed in the Tigrisomatinae and Cochleariinae,
respectively (Sheldon, 1987; Sheldon and Kinnarney,
1993; Sheldon et al., 1995, 2000). This four-subfamily
classification (Ardeinae, Botaurinae, Tigrisomatinae and
Cochleariinae) has been generally accepted. Molecular in-
vestigations of the subfamily Ardeinae have shown that the
great egret and intermediate egret form a monophyletic lin-
eage that is more closely related to Ardea than to Egretta,
indicating that they should not be placed in Egretta (Shel-
don, 1987; Sibley and Monroe, 1990; Sheldon and Kinnar-
ney, 1993; Sheldon ez al., 1995, 2000; Chang et al., 2003).

In molecular systematics, the topologies of phylogen-
etic trees vary with the molecular markers used and the
number of taxa involved (Zwickl and Hillis, 2002). Conse-
quently, some phylogenetic uncertainties in the Ardeinae
(such as the evolutionary status of the cattle egrets Ardeola
and Butorides) have not been resolved (Chang et al., 2003;
Zhou XP, 2008, PhD thesis, Xiamen University, China).

Mitochondrial DNA (mtDNA), with its intrinsic
characteristics (small genome size, simple genome struc-
ture, exclusively maternal inheritance, lack of extensive
recombination and rapid rate of evolution), has been exten-
sively used in taxonomic and phylogenetic studies of verte-
brates (Ingman et al., 2000; Sheldon ef al., 2000; Gentile et
al., 2009; Zhang and Wake, 2009; Pacheco et al., 2011;
Suzuki et al., 2013). Compared to individual genes, com-
plete mitogenomes contain more information on an organ-
isms or taxon’s evolutionary history, reduce stochastic
errors and minimize the effect of homoplasy in phylogen-
etic studies (Campbell and Lapointe, 2011). Phylogenies
based on complete mitogenomes are generally consistent
with those derived from nuclear genes if appropriate sam-
pling of taxa and analysis are applied (Arnason et al., 2002;
Reyes et al., 2004; Kjer and Honeycut, 2007). Complete
mitogenomes have increasingly been used to address the
evolution and radiation of birds (Moum et al., 1994; Sato et
al., 1999; Pacheco et al., 2011). To date, more than 260
avian mitogenomes have been deposited in GenBank, only
four of which involve species belonging to the Ardeidae
(Egretta eulophotes, Ardea novaehollandiae, Ixobrychus
cinnamomeus and Nycticorax nycticora). The lack of com-
plete mitogenome data is an important limitation in solving
the evolutionary puzzles of the Ardeidae and Ciconiifor-
mes.

In this report, we describe the complete mitogenome
sequence of the little egret (Egretta garzetta) and provide a
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comprehensive analysis of its genome characters. Although
the phylogenetic status of this species has been well-
defined by morphological and molecular studies (Bock,
1956; Payne and Risley, 1976; McCracken and Sheldon,
1997; Rabosky and Matute, 2013), the availability of its
complete mitogenome data will provide useful information
for molecular phylogenetic studies and conservation biol-
ogy of the Ardeidae.

Material and Methods

Sample collection and extraction of genomic DNA

One specimen of E. garzetta was collected from
Wuyi Mountain, Fujian Province, China. The specimen
was identified based on external characteristics, using the
system of Sibley and Monroe (1990). Total genomic DNA
was extracted from muscle tissue with a Wizard Genomic
DNA purification kit (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. The concen-
tration of extracted DNA was determined using a spectro-
photometer and adjusted to 50 ng/uL.

PCR amplification and sequencing

The E. garzetta mtDNA was obtained by polymerase
chain reactions (PCR) using 28 primer sets reported by
Sorenson et al. (1999). The PCR products for each set of
primers were < 1,500 bp in size and all fragment sequences
overlapped each other by at least 200 bp. PCR amplifica-
tions were done with a Mycycler Gradient thermocycler
(Bio-Rad) in a final volume of 50 pL, including 5 pL of 10x
EXT, aq buffer (Mg2+—free; Takara Biotech, Dalian, China),
2.5 mM of each dNTP, 75 mM MgCl,, 10 uM of each
primer, 1.5 U of **Tag polymerase (Takara of Biotech,
Dalian, China) and approximately 20-50 ng of total geno-
mic DNA. The reaction included an initial denaturation at
94 °C for 3 min, followed by 35 cycles consisting of dena-
turation at 94 °C for 10 s, annealing at 50-56 °C for 30 s and
extension at 72 °C for 2 min, with a final extension at 72 °C
for 10 min. There was a negative control in each round of
PCR to check for contamination. The products were elec-
trophoresed on 1.5% agarose gels staining with ethidium
bromide and visualized by ultraviolet transillumination.
The PCR products were purified with a gel extraction kit
(Sangon BioMedical, Shanghai, China) and directly se-
quenced (both directions) with an ABI 3730XL automatic
sequencer (Perkin-Elmer) using an ABI PRISM BigDye
Terminator Cycle Sequencing Ready Reaction kit (with
AmpliTaq DNA polymerase FS, Applied Biosystems).

Sequence assembly, annotation and analysis

Sequence assembly and annotation were done using
the DNASTAR software package (Lasergene version 5.0;
Madison, WI, USA). The boundaries of protein-coding
genes and rRNA genes were determined by aligning our se-
quences with the complete mtDNA sequences of A.
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novaehollandiae  (NC_008551) and Gallus  gallus
(NC_001323; Galliformes: Phasianidae) in GenBank. The
boundaries and the cloverleaf secondary structures of
tRNAs were identified by tRNAscan-SE v 1.12 with the de-
fault settings. The complete nucleotide sequence was sub-
mitted to GenBank under accession no. NC 023981 and
the blast sequences are submitted to DRYAD
(do0i:10.5061/dryad.3g604). The base composition for pro-
tein-coding genes (PCGs), the codon usage of 13 PCGs and
the pairwise distances among mitogenomes of the species
studied were calculated with MEGA version 5 (Tamura et
al.,2011).

Phylogenetic inference using mitogenomes

The phylogenetic relationships among E. garzetta
and four other species in the Ardeidae (4. novaehollandiae,
E. eulophotes, I. cinnamomeus and N. nycticorax), four
species in the Threskiornithidae (Platalea leucorodia,
Platalea minor, Threskiornis aethiopicus and Nipponia
nippon) and two species in the Ciconiidae (Ciconia
boyciana, Ciconia ciconia) were constructed with com-
plete mtDNA sequences and 12 PCGs (excluding ND6).
Two species in the family Anatidae, order Anseriformes
(Branta canadensis, NC_007011; Anas platyrhynchos,
EU009397) were designated as outgroups. The relevant in-
formation for each genome is presented in Table S1.

The program Modeltest version 3.7 (Posada and
Crandall, 1998) was used to choose an appropriate substitu-
tion model of sequence evolution. The GTR+I+G model
was selected as the best fitting model. For the Bayesian pro-
cedure, four independent Markov chains were run for
10,000,000 generations by sampling one tree per 1,000
generations and allowing adequate time for convergence.
After discarding the first 2,500 trees (25%) as part of a
burn-in procedure that was determined by checking for the
likelihood of being stationary, we used the remaining 7,500
sampling trees to construct a 50% majority rule consensus
tree. Two independent runs were used to provide additional
confirmation of the convergence of the Bayesian posterior
probabilities (BPP) distribution.

Results and Discussion

Genome organization and base composition

The complete mitogenome of E. garzetta is a circular
molecule 17,361 bp in length (Figure 1). This size is inter-
mediate to all available ardeid mitogenomes, which range
from 17,180 bp (I. cinnamomeus; Zhang et al., 2012) to
17,829 bp (N. nycticorax, NC_015807). The gene organi-
zation is identical to that of typical avian mtDNA
(Wolstenholme, 1992; Boore, 1999; Roques et al., 2004;
Gibb et al., 2007; Kan et al., 2010; Zhang, et al., 2012; Fig-
ure 1). Table 1 shows the various features of this genome.
There are six regions in which genes overlapped by 29 bp
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and 18 intergenic spacer regions comprising a total of
97 bp.

The base composition of the E. garzetta mitogenome
revealed a slight bias towards A+T (31.5% A, 23.2% T,
31.8% C and 13.5% G). The A+T content for the whole
H-strand, different genes and control regions was estimated
for 11 mitogenomes in Ciconiiformes (Table 2). This anal-
ysis showed that, except for the first codon of PCGs, other
portions of these mitogenomes showed varying degrees of
preference for A/T. The equations AT-SKEW=
(A-T)/(A+T) and GC-SKEW= (G-C)/(G+C) can be used to
calculate the skew for a given strand to investigate nucleo-
tide bias (Perna and Kocher, 1995). The positive AT-skew
(0.138) and negative GC-skew (-0.399) for the E. garzetta
mitogenome suggested the occurrence of more A and C
than T and G, which is consistent with other avian mito-
genomes (Haring ef al., 2001; Kan et al., 2010; Yang et al.,
2010; Zhang et al., 2012).

Protein-coding genes and codon usage

The total length of 13 PCGs in the E. garzetta
mitogenome was 11,225 bp, and most of the PCGs were
separated by one or more tRNAs (Figure 1). The gene sizes
and structures were not significantly different from those of
other avian species (Yamamoto ef al., 2000; Haring et al.,
2001; Yang et al., 2010; Kan et al., 2010; Zhang et al.,
2012). There is a C insertion at position 174 in ND3, and
this insertion was also found in some species of Palaco-
gnathae, e.g., NC 002784, NC 002778 and NC 002782
(Hérlid et al., 1998) and Neognathae, e.g., NC 011307 and
NC 010962 (Zhang et al., 2012). Other analyses have pro-
posed that the insertion is not C at position 174 but A at po-
sition 175, as reported in the mitogenomes of Otis tarda
(Gruiformes: Otididae, NC 014046) (Yang et al., 2010)
and Trachemys scripta (Testudoformes: Emydidae) (Rus-
sell and Beckenbach, 2008). The function of this extra C or
A in ND3 and its phylogenetic implications are not well
known (Russell and Beckenbach, 2008), but the effect of
this insertion on gene expression can be removed by RNA
alternative splicing or a frameshift (Mindell ez al., 1998).

The average A+T value of 13 PCGs in E. garzetta is
53.10% (Table 3). Except for ND 1, the other PCGs had pos-
itive AT-skew (0.016 ~ 0.563) and negative GC-skew
(-0.295 ~ -0.733), indicating the occurrence of more A and
C than T and G (Table 3). The nucleotide compositions of
three codons in PCGs were estimated for 11 species (Ta-
ble 4). The results showed that the smallest and greatest
variations occurred in the second (A 0.5%, G 0.3%, C
0.6%, T 0.5%) and third (A 4.4%, G 3.0%, C 5.5%, T 3.7%)
codons, respectively. The second codon is generally con-
sidered to have undergone maximum selective pressure,
followed by the first and third codons and other non-coding
regions. Different selective pressures result in different nu-
cleotide variability (Zhong et al., 2002). Table 4 also shows
that the G content of the third codon (only 4.1%) was the
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Figure 1 - Gene organization of the E. garzetta mitogenome. ND1-6 refers to NADH dehydrogenase subunits 1-6, COI-11I refer to cytochrome ¢ oxidase
subunits 1-3, 47P6 and ATP8 refer to ATPase subunits 6 and 8, and Cyt b refers to cytochrome b. Twenty-two tRNA genes are designated by single-letter

amino acid codes.

smallest of the three codons. A similar phenomenon has
also been found in mammalian mitogenomes (Reyes et al.,
2004; Gibson et al., 2005).

The start and stop codons for the PCGs of the E.
garzetta mitogenome are shown in Table 1. COIIl and DN4
terminated with an incomplete stop codon (T). The use of
an incomplete stop codon (T) is common in avian (Hérlid et
al., 1998; Haring et al., 2001; Yang et al., 2010; Zhang et
al., 2012) and mammalian (Wolstenholme, 1992; Arnason
etal.,2002; Gibson et al., 2005; Biet al.,2012; Chen et al.,
2012; Song et al., 2012) mitogenomes, and can form a com-
plete UAA terminal signal by posttranscriptional polya-
denylation (Ojala et al., 1981; Boore, 2004).

The ND6 gene was located in the L-strand and its base
composition was very different from the other 12 PCGs
(Table 3) so it was excluded from the codon usage analysis.
Twelve E. garzetta PCGs consisted of 3,626 codons, ex-
cluding termination codons (Table S2). The usage frequen-
cies of 21 amino acids ranged from 0.69% (Cys) to 17.9%
(Leu). Except for Leu, the most frequently used amino ac-
ids were Ile (11.47%), Thr (9.93%) and Ala (7.73%), which
was similar with those of other ardeid species (Zhang et al.,
2012).

Ribosomal and transfer RNA genes

Animal mitogenomes contain small (srRNA) and
large (/rRNA) subunits of IRNA (Wu et al., 2003; Gibson et
al.,2005; Kan et al., 2010; Krajewski et al., 2010; Bi et al.,
2012; Chen et al., 2012; Zhang et al., 2012; Gao et al.,
2013), and E. garzetta was no exception (Figure 1). The
A+T content for s¥yRNA and [rRNA was 50.8% and 54.7%,
respectively, and these values were relatively small among
the 11 mitogenomes (Table 2).

Based on the respective anticodons and secondary
structures, 22 tRNA genes were identified and their sizes
ranged from 67 bp (tRNA?*) to 74 bp (tRNA** UUR,
{RNA™", tRNA*" UCN, tRNA“™). Twenty tRNAs can fold
into canonical cloverleaf secondary structures, while
tRNA-Val and tRNA-Ser (AGY) lost the DHU (dihydrou-
racil) arms. The cloverleaf structures of tRNA-Val and
tRNA-Ser (AGY) were identified by comparing them with
counterparts in the E. eulophotes mitogenome
(NC _009736). In vertebrate mitogenomes, tRNA-Ser
(AGY) generally cannot fold into the canonical cloverleaf
secondary structure (Harlid et al., 1998; Shi et al., 2002;
Wu et al., 2003; Yang et al., 2010; Gao et al., 2013). Al-
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though the gene sizes and anticodon nucleotides agreed
with those described for other vertebrates, there were some
atypical pairings in the stem regions, such as A-A, A-C,
U-C and U-U wobbles. Generally, the tRNA cloverleaf
structure contained 7 bp in the aminoacyl stem, 5 bp in the

TYC and anticodon stems, and 4 bp in the D-stem. How-

Table 1 - Organization of the E. garzetta mitochondrial genome.
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ever, some tRNAs, e.g., tRNA-Phe, tRNA-Leu (CUN) and
tRNA-Ile, lacked one or two bp in the T-stem, anticodon
stem or D-stem.

Non-coding regions

The non-coding region (the control region, mtCR) of
the E. garzetta mitogenome was determined as1,812 bp in

Gene Position® Size (bp)  Spacer (+)/ Strand® Codon

From To Overlap () Start® Stop®
tRNA-Phe 1 69 69 0 H
12s-rRNA 70 1040 971 0 H
tRNA-Val 1041 1111 71 0 H
16s-rRNA 1112 2718 1607 0 H
tRNA-Leu (UUR) 2719 2792 74 8 H
NDI 2801 3778 978 7 H ATG AGA
tRNA-Ile 3786 3856 71 11 H
tRNA-GIn 3868 3937 70 0 L
tRNA-Met 3938 4005 68 0 H
ND2 4006 5044 1039 0 H ATG TAG
tRNA-Trp 5045 5116 72 2 H
tRNA-Ala 5119 5186 68 10 L
tRNA-Asn 5197 5270 74 3 L
tRNA-Cys 5274 5340 67 -1 L
tRNA-Tyr 5340 5411 72 13 L
col 5425 6975 1551 -9 H GTG AGG
tRNA-Ser (UCN) 6967 7040 74 2 L
tRNA-Asp 7043 7111 69 1 H
col 7113 7796 684 1 H ATG TAA
tRNA-Lys 7798 7867 70 1 H
ATPS 7869 8036 168 -10 H ATG TAA
ATP6 8027 8710 684 -1 H ATG TAA
co 1l 8710 9493 784 H ATG T¢
tRNA-Gly 9494 9562 69 H
ND3 9563 9914 352 H ATT TAA
tRNA-Arg 9917 9985 69 1 H
ND4L 9987 10283 297 -7 H ATG TAA
ND4 10277 11654 1378 H ATG T¢
tRNA-His 11655 11724 70 H
tRNA-Ser (AGY) 11725 11792 68 -1 H
tRNA-Leu (CUN) 11792 11863 72 0 H
ND5 11864 13678 1815 10 H ATG AGA
Cytb 13689 14831 1143 3 H ATG TAA
tRNA-Thr 14835 14904 70 11 H
tRNA-Pro 14916 14987 72 8 L
ND6 14996 15472 477 3 L ATG AGA
tRNA-Glu 15476 15549 74 0 L
Control region 15550 17361 1812 0 H

*Position numbering starts with the 5” position of the Control region; "Genes transcribed from the L or H strand; °Start and stop codons of protein-coding
genes; ‘Protein-coding genes overlapping with tRNA genes end with an incomplete stop codon.



Zou et al.

Table 2 - Genomic characteristics of 11 avian mtDNAs.

tRNA gene Control region

SrRNA gene

LrRNA gene

12 Protein-coding genes

Heavy-strand

Species

AT%

Length

AT%

Length

AT%

Length

AT%

Length
(bp)
1,599
1,599
1,598
1,603
1,606
1,605
1,607
1,591

AT% AT% AT% AT%

Length
(bp)

AT%

Length
(bp)
15,585
15,784
15,826
15,567
16,354
16,421
16,245
16,027
16,665
16,487
16,212
16,107

(bp)
1,140
1,352
1,382
1,160
1,922
1,997
1,812
1,609
2,244

(bp)

(bp)
974
975
973
977
970
971
971
971
973
968
968
972

(Is)  (@nd)  (3rd)

49.4

(all)

54.9

56.1

58.7
5

1,567
1,552
1,567
1,552
1,555
1,550
1,553
1,555
1,551

53.2
5

56.4

56.8
5

58.7

10,874
10,875
10,874
10,874
10,875
10,870
10,873
10,873
10,873
10,871
10,874
10,873

553

P. leucorodia

56.6

8.9

32

56.2

6.6
5.4
1.7
2.0

49.4 58.7
53.0

55.0

55.4
55.2

54.0

P. minor

522 59.1 57.8

522

55.1

50.2 57.7

54.6

T. aethiopicus

59.1

57.5

55.5

493 58.7 5

532

N. nippon

51.4 57.2 67.1

554

49.8 57.7

55.4 53.4

A. novaehollandiae

1.6 56.3 64.7

50.8

54.8

48.9 57.7

53.3

55.0

E. eulophotes

65.3

6.2
58.9

5

54.7

53.0

49.8 57.8

53.4

55.0
57.1

E. garzetta

65.3

39
52.1

559

8.5
55.8

51.0 58.8

56.1

L. cinnamomeus

62.8

57.0

56.0

1,596
1,612

50.1 58.9

54.8

56.1

N. nycticorax

60.5

2,053

57.3

1,550
1,550
1,555

51.6

53.6

0.4
1.5
4.1

48.3 57.5 5

52.4

53.8
53.8

C. boyciana

59.5

1,779
1,677

51.7 57.2

54.0

1,608
1,602

48.3 57.5

52.6

C. ciconia

61.3

522

55.2

49.5 58.2

54.0

55.1

Average
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length and located between tRNA“™ and tRNA™" (Table 1,
Figure 1). The mtCR controls the replication and transcrip-
tion of animal mitogenomes (Shadel and Clayton, 1997;
Taanman, 1999). Based on the nucleotide composition, the
mtCR region of E. garzetta contains three domains: a 5’-
peripheral domain (Domain I), a central conserved domain
(Domain II) and a 3’-peripheral domain (Domain III), an
organization that was similar to that of other birds (South-
ern et al., 1988; Saccone et al., 1991; Randi et al., 2000;
Roques et al., 2004; Wang et al., 2008; Yang et al., 2010;
Zhang et al., 2012; Figure 2).

In Domain I (nt 1-328), two putative extended termi-
nation-associated sequence blocks (ETAS1 and ETAS2)
were recognized and two putative termination-associated
sequences (TAS, conserved palindromic motifs 5°-
TACAT-3" and 5’-TATAT-3’) that act as a signal to termi-
nate synthesis of the control region (Saccone et al., 1991;
Randi and Lucchini, 1998; Yamamoto et al., 2000; Haring
et al.,2001; Roques et al., 2004) were found in ETAS]1. In
some birds and mammals, there is a C structure located
close to the 5’-peripheral domain of Domain I that can po-
tentially form a stable goose hairpin structure (Quinn and
Wilson, 1993; Douzery and Randi, 1997; Sbisa et al., 1997,
Randi and Lucchini, 1998); this structure consists of a stem
with seven complementary ‘C’s/G’s and a loop containing
a TCCC motif (Dufresne ef al., 1996; Yang et al., 2010).
This structure is speculated to be related to H-strand termi-
nation (Dufresne et al., 1996). The hairpin structure cannot
be formed in any of the available ardeid mitogenomes be-
cause the interrupted poly-C sequences in Domain I of four
species (A. novaehollandiae NC_008551, E. eulophotes
NC 009736, N. nycticora NC_015807 and E. garzetta
NC _023981) are not followed by a G stretch and Domain 1
of 1. cinnamomeus has no poly-C sequence (Zhang et al.,
2012). A sequence block similar to the conserved sequence
block (CSB1) was found in Domain I (Figure 2) and similar
structures have been observed in other avian mitogenomes
(Desjardins and Morais, 1990; Quinn and Wilson, 1993;
Randi and Lucchini, 1998; Kan et al., 2010; Zhang et al.,
2012).

In Domain II (nt 329-794), four conserved sequence
boxes (F, E, D and C) were detected (Figure 2) after align-
ing with reported counterparts in birds and mammals (Wal-
berg and Clayton, 1981; Southern et al., 1988; Desjardins
and Morais, 1990; Quinn and Wilson, 1993; Randi and
Lucchini, 1998; Roques et al., 2004; Kan et al., 2010; Yang
et al., 2010; Zhang et al., 2012).

Domain III (nt 795-1812) comprised a conserved se-
quence block (CSB-1) that regulates mtDNA replication
(Figure 2). A poly(C) sequence located upstream of the
CSB1 was assumed to represent the origin of H-strand rep-
lication (Oy) (Walberg and Clayton, 1981; Figure 2). A
poly (T) sequence located downstream of the CSB1 was
also observed in the mtCR of other birds (NC_008551,
NC _009736; NC_015807; Kan et al., 2010; Zhang et al.,
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Table 3 - Base composition for protein-coding genes found in mtDNA of E. garzetta.

Gene Length (bp) Proportion of nucleotides (%) AT Skew GC Skew
A C G T A+T
ND1 978 26.38 34.46 12.68 26.48 52.86 -0.002 -0.462
ND2 1039 32.63 33.59 10.11 23.68 56.31 0.159 -0.537
COXl1 1551 28.24 30.11 16.38 25.27 53.51 0.056 -0.295
COx2 684 31.43 31.43 14.18 22.95 54.38 0.156 -0.378
ATP8 168 32.14 38.69 5.95 23.21 55.35 0.161 -0.733
ATP6 684 30.12 36.84 9.94 23.10 53.22 0.132 -0.575
Ccox3 784 28.57 31.76 15.43 24.23 52.80 0.082 -0.346
ND3 352 26.70 36.08 11.36 25.85 52.55 0.016 -0.521
ND4L 297 29.97 35.35 11.45 23.23 53.20 0.127 -0.511
ND4 1378 31.49 36.21 9.65 22.64 54.13 0.163 -0.579
ND5 1815 31.90 35.43 10.85 21.82 53.72 0.188 -0.531
CYTB 1143 27.47 37.10 12.60 22.83 50.30 0.092 -0.493
ND6 477 37.53 41.93 10.06 10.48 48.01 0.563 -0.613
Average 30.35 35.31 11.59 22.75 53.10 0.146 -0.506

Table 4 - Nucleotide compositon of the 13 protein-coding genes.

Species 1™ codon position 2" codon position 3™ codon potion

A% G% C% T% A% G% C% T% A% G% C% T%
P. leucorodia 29.7 20.2 30.0 20.1 20.1 12.3 29.3 383 41.4 3.8 40.4 14.4
P. minor 29.7 20.2 29.9 20.2 20.0 12.4 29.2 38.4 41.3 4.0 40.0 14.7
T. aethiopicus 29.5 20.4 29.7 20.3 20.0 12.4 29.6 38.0 41.0 4.1 40.8 14.1
N. nippon 29.5 20.4 30.7 19.4 20.0 12.4 29.3 38.3 39.2 54 433 12.1
A. novaehollandiae 30.1 20.1 30.4 19.4 20.1 12.2 29.7 38.0 40.6 3.9 44.1 11.4
E. eulophotes 30.3 20.0 30.6 19.1 20.0 12.4 29.7 37.9 40.6 4.0 43.9 11.5
E. garzetta 30.0 20.1 30.5 19.4 20.1 12.2 29.7 38.0 40.5 4.0 43.7 11.8
1. cinnamomeus 30.8 19.4 28.8 21.0 20.1 12.3 29.4 38.2 432 2.4 39.6 14.8
N. nycticorax 30.5 20.0 30.0 19.5 20.2 12.3 29.3 38.2 40.4 4.6 39.9 15.1
C. boyciana 29.7 20.5 31.1 18.7 19.8 12.4 29.8 38.0 38.8 4.6 45.1 11.5
C. ciconia 29.7 20.5 31.1 18.7 19.7 12.5 29.8 38.0 39.1 44 445 12.0
Range 1.3 1.1 23 2.3 0.5 0.3 0.6 0.5 4.4 3.0 5.5 3.7
Average 30.0 20.2 30.3 19.6 20.0 12.3 29.5 38.1 40.6 4.1 423 13.0

as P 54 1026 1046

(CTTCTCCCGTGAAATCAGCAACCC  ATTACTACCTTCAAGACCAT  GTTCTCTICACACAGCCATTTGGTTG, ACTGTATCCTTATATCTTTAT

Fbox E box C box
21 270 1812

< M
1 328 79 o
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Figure 2 - Schematic representation of the control region in the mitogenome of E. garzetta. The first box represents the extended termination-associated
sequences (ETAS1 and ETAS2). Boxes F, E, D and C represent the conserved sequence boxes in the central domain. CSB — conserved sequence block,
CSB-like — a sequence similar to CSB, LSP and HSP — light-strand and heavy-strand transcription promoters, respectively, and Rs — tandem repeats in the
control region.
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2012). The bidirectional light- and heavy-strand transcrip-
tion promoters (LSP/HSP) described in other birds (L’abbé
et al., 1991; Randi and Lucchini, 1998; Ritchie and Lam-
bert, 2000; Kan et al., 2010; Zhang et al., 2012) also existed
in Domain III of E. garzetta. In addition, long tandem re-
peats were found at the 3’ end of Domain III and could be
divided into two regions: the first region (nt 977 to 1399)
contained three types of tandem repeats: 5’-
TACTTTAAAGCACTAAAA-3*  (6x18  bp), 5°-
TTTCATTAAAAATATACTATACCCTTCATGAAC-3’
(5x33 bp), and 5’- TGTATCCTTATATCTTTATGT
TACCTTTAC-3’ (4x30 bp) while the second region (nt
1406 to 1804) comprised two types of tandem repeats: 5°-
TAAACAA -3 (26x7 bp) and 5’- CAAACAA -3’
(30x7 bp). The existence of repetitive sequences contrib-
uted to the large size of the mtCR and the high content of A.
Similar tandem repeats (CAAA or CAAACAA) were
found in species of Charadriiformes (NC_003712,
NC 003713, NC 007978, NC 018548, NC 017601,
NC_024069; Wenink et al., 1994) and Gruiformes (Yang et
al.,2010), and in C. boyciana in Ciconiiformes (Yamamoto
et al., 2000). These repetitive sequences have been specu-
lated to result from the pause of H-strand replication and
subsequent slipped mispairing (Fumagalli ez al., 1996). The
presence of similar conserved repeat sequences in different
animal groups (Douzery and Randi, 1997; Nesbe ef al.,
1998) has led some researchers to propose that these tan-
dem repeats may have an important role in regulating mito-
genome replication and transcription (Delarbre et al., 2001;
Delport et al., 2002).

Phylogenomic relationships of 11 species in
Ciconiiformes

Mitochondrial sequences provide valuable informa-
tion for tracing the history of gene rearrangements and
phylogenetic reconstructions (Harlid et al., 1998; Braband
etal.,2010; Oh et al., 2010; Yang et al., 2010; Cerasale et
al.,2012). The availability of an increasing number of com-
plete avian mitogenomes has allowed the construction of
phylogenetic trees with better resolution, the results of
which show better agreement with morphological and nu-
clear marker studies (Zhang and Wake, 2009; Pacheco et
al., 2011). The phylogenetic tree that included E. garzetta
and ten other species in Ciconiiformes (Table S1) was con-
structed using complete mitogenome sequences, with A.
platyrhynchos ~ (EU009397) and B. canadensis
(NC _007011) as outgroups. Since some investigators have
preferred to use PCGs in tree construction (Hérlid et al.,
1998; Gibson et al., 2005; Shen et al., 2009; Zhang et al.,
2012), we also ran an analysis with 13 PCGs to assess the
congruence between these two strategies. The results
showed that although several regions (tRNAs, CR, rRNAs
and ND6) presented some problems in the analysis, e.g.,
difficulties in alignment, numerous gaps, potential satura-
tion and heterogenecous base composition (Gardner et al.,
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2005; Sullivan and Joyce, 2005; Krajewski et al., 2010; Oh
etal.,2010), the topologies of the phylogenetic trees gener-
ated by the two strategies were the same (Figure 3).

The phylogenetic relationships among species/genera
within the three families examined here were consistent
with the conclusions of previous investigations (Sheldon et
al., 2000; Chang et al., 2003; Zhang et al., 2012). The
monophyly of the Ardeidae, Threskiorothidae and Ciconii-
dae was strongly confirmed (posterior probabilities = 1.00;
Figure 3). In the Ardeidae, 1. cinnamomeus was the basal
clade and Egretta more closely related to Ardea than to
Nycticorax. In Threskiornithidae, Platalea was more
closely related to Threskiornis than to Nipponia. The rela-
tionships revealed by the phylogenetic trees were also sup-
ported by the pairwise distances among mitogenomes (Ta-
ble S3).

With regard to the evolutionary relationships among
the three families, our results supported a closer relation-
ship between Threskiorothidae and Ciconiidae than be-
tween Threskiorothidae and Ardeidae, a conclusion similar
to that based on amino acid data from 12 PCGs (Zhang et
al., 2012), but different from that of Hackett ez al. (2008)
and Pacheco et al. (2011). Since the topologies of molecu-
lar phylogenetic trees often vary with the markers and taxa
used (Zwickl and Hillis, 2002), divergent evolutionary re-
lationships have often been suggested for the families of

Platalea leucorodia
1.00

1.00 Platalea minor

1.00| L——— Threskiornis aethiopicus

1.00| L Nipponia Nippon

Ciconia boyciana
1.00

Ciconia ciconia
.00 | Egretta eulophotes
1.00
1.00 Egretta garzetta

Ardea novaehollandiae

ool L Nycticrax nycticorax

Ixobrychus cinnamomeus

Anas platyrhynchos

0.01 L Branta Canadensis
Figure 3 - Bayesian tree based on the complete mitochondrial genome
data and 13 PCGs with the GIR+I+G model. The horizontal length of each
branch corresponds to the substitution rates estimated with the model.
Anas platyrhynchos and Branta canadensis were used as outgroups. Num-
bers on the branches are the bootstrap values for Bayesian posterior proba-
bility.
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Ciconiiformes (Gibb et al., 2007; Hackett et al., 2008;
Pacheco et al., 2011; Zhang et al., 2012; this study). More
complete mitogenome data for the Ardeidae (and other
families in Ciconiiformes) are urgently needed for detailed
molecular systematic analyses in this order. The mito-
genome sequence data presented here represent a contribu-
tion to this long-term goal.
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