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Abstract

Background: The phylogeny of birds which are adapted to aquatic environments is
controversial because of convergent evolution.

Methods: To understand water bird evolution in more detail, we sequenced the majority of
mitochondrial protein coding genes (6699 nucleotides in length) of 14 water birds, and
reconstructed their phylogeny in the context of other taxa across the whole class of birds for
which complete mitochondrial DNA (mtDNA) sequences were available.

Results: The water bird clade, as defined by Hackett et al. (2008) based on nuclear DNA
(ncDNA) sequences, was also found in our study by Bayesian Inference (BI) and Maximum
Likelihood (ML) analyses. In both reconstruction methods, genera belonging to the same
family generally clustered together with moderate to high statistical support. Above the
family level, we identified three monophyletic groups: one clade consisting of Procellariidae,
Hydrobatidae and Diomedeidae, and a second clade consisting of Sulidae, Anhingidae and
Phalacrocoracidae, and a third clade consisting of Ardeidae and Threskiornithidae.
Discussion: Based on our mtDNA sequence data, we recovered a robust direct sister
relationship between Ardeidae and Threskiornithidae for the first time for mtDNA.

Our comprehensive phylogenetic reconstructions contribute to the knowledge of higher level

relationships within the water birds and provide evolutionary hypotheses for further studies.

Keywords: Phylogeny, mitochondrial DNA, mitogenomics, water birds, Threskiornithidae,

Ardeidae

PeerJ PrePrints | http://dx.doi.org/10.7287/peerj.preprints.272vl | CC-BY 4.0 Open Access | received: 5 Mar 2014, published: 5 Mar 2014

2



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Introduction

For decades, the phylogenetic placement and interrelationship of birds which are adapted to
aquatic environments have been controversially discussed (Cracraft, 1981; Sibley & Ahlquist,
1990; Mindell, 1997; van Tuinen et al., 2001; Braun & Kimball, 2002; Cracraft et al., 2004;
Slack et al., 2006; Watanabe et al., 2006; Ericson et al., 2006; Hackett et al., 2008; Pratt et al.,
2009; Smith, 2010; Pacheco et al., 2011; Wink, 2011; Jetz et al., 2012; McCormack et al.,
2013; Gibb et al., 2013). Diverse ecological and morphological specializations exist in water
birds which are mainly related to feeding style, e.g. wading (storks, flamingos, and herons),
foot-propelled diving (loons, grebes, cormorants) and webbed feet (pelicaniform birds). The
occurrence of these traits likely involved convergent character evolution, which makes it
difficult to resolve the phylogenetic relationships at the level of morphology alone (van
Tuinen et al., 2001). A large scale phylogenomic study of birds (Hackett et al., 2008), which
analysed ~32 kb of nuclear DNA (ncDNA) revealed that the adaptation to aquatic
environments constitutes a remarkably stable evolutionary trait: the water birds (intermixed
with semiaquatic species) constitute a monophyletic group (see ‘group H’ in Hackett et al.,
2008) which is found by maximum likelihood method with relative high bootstrap support
(89%). For this “water bird assemblage” the term Aequornithes has recently been introduced
by Mayr (2011). However, other groups of water birds, such as flamingos, grebes, geese,
ducks, swans, tropic birds, terns and gulls cluster in other independent clades (Hackett et al.,
2008; Mayr, 2011). Considering phylogenetic analyses based on complete mitochondrial
DNA (mtDNA), the most recent studies (Pacheco et al., 2011; Gibb et al., 2013) included
only a limited number of water bird species. To analyse water bird evolution in more detail at
higher taxonomic level than previously reported, we sequenced 6699 nucleotides of the
majority of mitochondrial protein coding genes (i.e., COX1, COX2, ATPS, ATP6, COX3,

ND3, ND4L, ND4 and CYTB) of 14 species, to increase taxon number of water birds to 52 in
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total. We reconstructed the phylogeny of these species in the context of a large number of
additional taxa covering the whole bird class for which complete mtDNA data were available,
using comprehensive phylogenetic reconstruction methods Bayesian Inference (BI) and

Maximum Likelihood (ML).

Materials & Methods

Taxon sampling

We increased taxon density by sequencing the majority (nine) of the mitochondrial protein
coding genes of further 14 water bird taxa. Sample information is given in table 1 and
GenBank accession numbers are provided in table 2. Our analysed dataset comprised 100
avian taxa from which 52 were water birds. For accession numbers of the additional taxa
which were retrieved from the GenBank, see Supplemental table S1. We did not handle any
live vertebrate animals during this study. All animals sequenced here were sequenced from
blood and feather samples provided by the Institute of Pharmacy and Molecular
Biotechnology (IPMB), Heidelberg University, Germany, thus animal care approval was not

required for this specific study.

DNA extraction

Collected sample material was stored following Arctander (1988). DNA was isolated from
blood, pieces of muscle or ends of feather by incubation in lysis buffer [10 mM Tris (pH 7.5),
25 mM EDTA, 75 mM NaCl, 20% SDS, 20 mg /ml Proteinase K], followed by removal of

proteins using a standard phenol/chloroform extraction (Sambrook et al., 1989).
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85  PCR amplification and sequencing

86  PCR reaction mixtures contained: 100 ng DNA, 5 pL 10 x buffer [500 mM KCI, 100 mM

87  Tris-HCI (pH 9.0 at 25°C), 1% Triton X-100], 5 uL 15 mM MgCl,, 5 pmol primer, 2 uLL

88  dNTPs (1.5 mM), 0.75 U Taq or 1 U Red Tag Polymerase (Amersham Biosciences) and

89  ddH»O added up to a volume of 50 uL. Thermal cycling conditions consisted of an initial

90  denaturation for 4 min at 94°C followed by 31 cycles of 45 s at 94°C, 50 s at 50-60°C and

91 150 s at 72°C and a final elongation of 10 min at 72°C. PCR primer sequences are

92  documented in table 3. PCR products were sequenced directly (Cycle Sequencing Ready

93  Reactions version 1.1 and version 3.1, Applied Biosystems). Cycle sequencing products were

94 run on an Applied Biosystems 310 sequencer. Source and sequence of sequencing primers are

95  shown in table 4. We obtained a total of 6699 nucleotides for the following genes: COX1,

96 COX2, ATPS, ATP6, COX3, ND3, ND4L, ND4 and CYTB.

97

98  Phylogenetic reconstruction

99  The sequences were aligned by BioEdit version 7.1.3.0 (Hall, 1999). We explored the model
100  of sequence evolution which fits the data best with jModelTest version 2.1.4 (Guindon &
101  Gascuel, 2003; Darriba et al., 2012). Bayesian inference (BI) analyses were conducted in
102  MrBayes MPI version 3.1.2. (Ronquist & Huelsenbeck, 2003; Altekar et al., 2004). Two
103 independent runs of 16,000,000 generations were performed along with four Markov chains
104  and the evolutionary model GTR + I' + I. Trees were sampled every 2000 generations and the
105  first 800 samples were discarded as “burn-in”. The “burn-in”” was determined in Tracer
106  version 1.6 (Rambaut & Drummond, 2007). Maximum likelihood (ML) tree was
107  reconstructed using the rapid hill-climbing algorithm implemented in RaxML-HPC version
108  7.7.8 (Stamatakis, 2006) with the random starting tree option and the GTRGAMMA model of
109  sequence evolution. The robustness of nodes in ML analyses was assessed by 1000 bootstrap
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110  replicates. The both ML and BI trees were rooted with three paleognaths (Hackett et al.,

111 2008): Apteryx haasti, Dromaius novaehollandiae and Pterocnemia pennata. We made use of
112 the resources available from the CIPRES Science Gateway in order to perform our

113 phylogenetic analyses (Miller et al., 2010).

114

115  Results and Discussion

116  To select for robust monophyletic clades, we run comprehensive Bl and ML analyses using
117  parallelized applications. 16,000,000 generations resulted in two chains that converged with a
118  standard deviation of split frequencies equal to 0.006. Phylogenetic reconstructions for the
119  dataset using BI and ML are shown in Fig. 1 and Fig. 2, respectively. The deepest bifurcation
120  within the Neognathae constituted the split between Galloanserae (BI posterior probability
121 [PP]: 1.0; ML bootstrap support [BS]: 100%) versus the Neoaves (PP: 1.0; BS: 93%)).

122 Passeriformes were monophyletic (PP: 1.0; BS: 100%). In BI, the water bird group as defined
123 by ‘clade H’ of Hackett et al. (2008) consisting of Pelecaniformes (with Sulidae, Anhingidae,
124  Phalacrocoracidae, Pelecanidae), Ciconiiformes (with Ardeidae, Threskiornithidae,

125  Ciconiidae), Procellariiformes (with Procellariidae, Hydrobatidae, Diomedeidae)

126 Sphenisciformes and Gaviiformes received a PP value of 0.78. ML also weakly suggests

127  genetic coherence of these taxa (BS: 25%, in addition to Gruiformes). In both BI and ML

128  reconstructions the species belonging to the same family generally clustered together with
129  moderate to high statistical support. Above the family level, relationships were less

130 congruent, presumably because of relative saturation of the fast evolving mtDNA at deep

131  avian divergences. The same topologies identified across BI and ML were for a clade

132 consisting of Procellariidae, Hydrobatidae and Diomedeidae (PP: 1.0; BS: 97%), in which the
133 sister taxa Calonectris and Puffinus (PP: 1.0; BS: 100%) formed a monophyletic group with

134 Procellaria (PP: 1.0; BS: 100%), which in turn clustered with Pterodromia (PP: 1.0; BS:
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100%). This cluster is sister group to Hydrobates (PP: 0.98; BS: 59%). The clade consisting
of Calonectris, Puffinus, Procellaria, Pterodroma and Hydrobates shows sister relationship to
the monophylum Pelagodroma, Diomedea and Thallasarche (PP: 1.0; BS: 97%), the latter
two genera are very closely related (PP: 1.0; BS: 100%). A further monophyletic group
constitutes a clade consisting of Sulidae (genera Morus and Sula), Anhingidae (genus
Anhinga), Phalacrocoracidae (genus Phalacrocorax) (PP: 1.0; BS: 100%), which is the sister
group to Pelecanidae (PP: 0.99; BS: 50%). The last monophyletic assemblage consists of
Ardeidae (genera Egretta, Ardea, Nycticorax and Ixobrychus) and Threskiornithidae (genera
Platalea, Threskiornis and Nipponia) (PP: 1.0; BS: 71%).

Despite strong efforts in the past to identify statistically robust clades from complete mtDNA
data sets, many of the interrelationships above the family level in birds are still ambiguous in
some studies. One complicating factor for bird phylogenetic reconstruction is that groupings
with high metabolic rates tend to show increased substitution rates (Gillooly , McCoy &
Allen, 2007), e.g. passerines. As the waterbird assemblage comprises taxa which are of
comparatively uniform size and physiology, statistically robust resolution can be expected
within this group. Despite this benefit, resolution of the relationships in this group from DNA
data is hampered by the occurrence of short internodes at this taxonomic level from analyses
of ncDNA (Hackett et al., 2008), which are also among the shortest within the mtDNA
topologies. The use of morphology for phylogenetic reconstruction of the Aequornithes clade
is restricted by the limited number of informative characters (Livezey & Zusi, 2007; Mayr,
2011). Despite this limitation, our analyses of a large protein-coding mtDNA dataset
identified three robust groupings, which delineate monophyletic entities of specialized
morphological and ecological adaptations.

The first of these groupings covers three families of the traditional order Procellariiformes

(Nunn & Stanley, 1998; Penhallurick & Wink, 2004), which share the characteristic of a
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tubular nasal passage (Lequette et al.,1998) and an almost exclusively pelagic feeding life
style. In congruence with the topology from the cytochrome b gene reported by Nunn &
Stanley (1998), the genera Calonectris, Puffinus, Procellaria and Pterodroma are sister taxa.
Compared to the eight tubenose birds of the present study, previous studies included less
number of two (Slack et al., 2006), two (Pacheco et al., 2011), five (Gibb et al., 2013), five
(Hackett et al., 2008) and six (Ericsson et al., 2006) taxa of this group in their analyses.
Consistently over Bl and ML reconstructions, we observed a placement of Pelagodroma as
the closest related taxon to Diomedea and Thallasarche, which differed from that found by
Nunn & Stanley (1998); they placed Pelagodroma basal to a monophylum containing
Diomedea, Procellaria, Puffinus and Calonectris. We further observed a different placement
of Hydrobates, which is placed basal to all above mentioned genera of Procellariiformes in
Nunn & Stanley (1998), but in Penhallurick & Wink (2004) Hydrobates is closely related to
Pelagodroma. In our mtDNA reconstructions in contrast, we found Hydrobates well
supported as a sister taxon to the monophylum containing Calonectris, Puffinus, Procellaria
and Pterodroma. Limited support of our placement of the latter two taxa is given in the
mitogenomic analysis of Gibb et al. (2013) which detected a direct sister relationship between
Procellaria and Pterodroma; however, only the expanded taxa number of tubenose birds in
the present study, which generated the additional sequences of Calonectris and Puffinus, led
to an yet unprecedented resolution of the internal structure of this clade.

The second monophyletic group shares a gular sac and four webbed toes as common
morphological characters, i.e., Pelecanidae, Sulidae, Anhingidae and Phalacrocoracidae.
Affinities of the latter three families had earlier been suggested by DNA-DNA hybridization
analysis (Sibley & Ahlquist, 1990), cladistic analysis of a large number of morphological
characters (Mayr, 2005; Livezey & Zusi, 2007) and by topologies from ncDNA (Ericsson et

al., 2006; Hackett et al., 2008) and mtDNA sequence data (Gibb et al., 2013) and from
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analyses of morphological and genetic data combined (Cracraft et al., 2004). The third
grouping concerns the families Threskiornithidae and Ardeidae; their affinity was previously
identified by ncDNA analyses (Ericson et al., 2006, Hackett et al., 2008). To our knowledge,
the present study for the first time indicates a robust direct sister relationship of
Threskiornithidae and Ardeidae based on almost complete mtDNA data, with inclusion of
ibises and spoonbills of the genera Nipponia, Platelea, and Threskiornis in a common family
Threskiornithidae and of herons, egrets and bitterns of the genera Ixobrychus, Ardea, Egretta,
and Nycticorax in a common family Ardeidae. In contrast, formerly published mitogenomic
topologies found Threskiornithidae and Ardeidae clustered together either with the
Pelecanidae (Pacheco et al., 2011), or with the Ciconiidae (Gibb et al., 2013). Therefore, a
consensus topology from ncDNA data of Hackett et al. (2008) and mtDNA data from Gibb et
al. (2013) showed herons and ibises related but ungrouped, placed in a polytomy of a cluster
containing additional pelecaniform and ciconiiform birds (Gibb et al., 2013).

The sister relationship of flamingos and grebes (Cracraft et al., 2004; Ericsson et al., 2006;
Hackett et al., 2008; Pacheco et al., 2011; Gibb et al., 2013; McCormack et al., 2013) which
clustered outside the Aequornithes clade, was also evident in our analysis. The data clearly
show that the superficial ressemblance of grebes and loons, which led to the affinity in
traditional considerations of relationships between these two taxa (van Tuinen et al., 2001), is
due to convergent evolution. The position of Gruiformes including cranes and rails is outside
the Aequornithes clade in the BI which is consistent with their placement in the ncDNA
topologies of Ericson et al. (2006) and Hackett et al. (2008). Therefore, the inclusion of the
Gruiformes within the Aequornithes clade in the ML tree is very likely erroneous, as this

position furthermore is not supported by high bootstrap values.
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Conclusions

Our analyses, based on an enlarged dataset of 52 water bird taxa in total and complementary
phylogenetic reconstruction methods, have identified three monophyletic clades of the aquatic
birds above the family level and provide a robust hypothesis for further evolutionary and

ecological studies.
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356  Legends of the tables

357  Table 1 Origin, collector information and voucher numbers of samples analyzed in this study
358  Table 2 GenBank accession numbers of taxa sequenced in the present study

359  Table 3 Primers used for PCR amplifications

360  Table 4 Primers used for sequencing

361

362  Legends of the figures
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381 Table 1

Taxon Voucher number® Sample origin, collector
Aechmophorus occidentalis 3768 Mexico, H. Witt

Gavia immer 3770 Mexico, H. Witt

Gavia pacifica 3774 Mexico, H. Witt

Spheniscus humboldti 477 Zoo Leipzig, Germany, G. Ehlers
Spheniscus demersus 8128 Zoo Leipzig, Germany, G. Ehlers
Puffinus yelkouan 3163 Naxos, Greece, D. Ristow
Calonectris diomedea 15872 Crete, Greece, D. Ristow
Hydrobates pelagicus 4073 Malta, Italy, J. Borg

Morus bassanus 3288 Saltees, Ireland, M. Wink
Pelecanus occidentalis 3747 Mexico, H. Witt

Phoenicopterus ruber 6927 Namibia, J. Osborne

Ardea cinerea 2822 Biinder Natur-Museum, Switzerland
Ciconia ciconia 468 Zoo Leipzig, Germany, G. Ehlers
Ciconia nigra 3848 Spain, U. Hofle

382
383 Voucher numbers of the Institute of Pharmacy and Molecular Biotechnology (IPMB),

384  University Heidelberg, Germany
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385

386

387

388

Table 2

Taxon Coxli cox2 ATPS ATP6 00)6) ND3 ND4L ND4 CYTB
Aechmophorus AYS567891 AYS567905 AY567863 AYS567849 AYS567877 AYS567933 AY567961 AY567947 AY567919
occidentalis

Gavia immer AYS567890 AYS567904 AY567862 AYS567848 AYS567876 AYS567932 AY567960 AY567946 AYS567918
Gavia pacifica AYS567889 AY567903 AY567861 AYS567847 AYS567875 AYS567931 AY567959 AY567945 AYS567917
Spheniscus humboldti AY567888 AYS567902 AY567860 AYS567846 AYS567874 AY567930 AYS567958 AY567944 AYS567916
Spheniscus demersus AY567887 AYS567901 AYS567859 AYS567845 AYS67873 AY567929 AY567957 AYS567943 AY567915
Puffinus yelkouan AY567884 AY567898 AY567856 AYS567842 AYS567870 AY567926 AY567954 AY567940 AY567912
Calonectris diomedea AY567883 AYS567897 AY567855 AYS567841 AYS567869 AY567925 AYS567953 AY567939 AY567911
Hydrobates pelagicus AYS567885 AYS567899 AYS567857 AYS567843 AYS567871 AYS567927 AYS567955 AY567941 AYS567913
Morus bassanus AY567893 AYS567907 AY567865 AYS567851 AYS67879 AY567935 AY567963 AYS567949 AY567921
Pelecanus occidentalis AY567892 AYS567906 AY567864 AYS567850 AYS567878 AY567934 AYS567962 AY567948 AYS567920
Phoenicopterus ruber AY567894 AYS567908 AY567866 AYS567852 AYS567880 AY567936 AY567964 AY567950 AY567922
Ardea cinerea AY567886 AYS567900 AY567858 AYS567844 AYS567872 AY567928 AYS567956 AY567942 AY567914
Ciconia ciconia AY567881 AYS567895 AY567853 AYS567839 AYS567867 AYS567923 AYS567951 AY567937 AY567909
Ciconia nigra AY567882 AYS567896 AY567854 AYS567840 AYS567868 AY567924 AYS567952 AY567938 AYS567910
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389

390

391

392

Table 3
Gene Primer pair Sequence (5" to 3") Reference
CYTB L14995 CTCCCAGCCCCATCCAACATCTCAGCATGATGAAACTTCG Wink (1995)
H16065 CTAAGAAGGGTGGAGTCTTCAGTTTTTGGTTTACAAGAC
COXI L6615 CCTCTGTAAAAAGGACTACAGCC Sorenson et al. (1999)
Ccox2 H9233 AAGAAGCTTAGGTTCATGGTCAGG
ATPS
ATP6 L9034 CAGCACTAGCCTTTTAAGCTA Sorenson et al. (1999)
COX3 H12976 CAGATGCAGGAATTAGCAGTTCTTG
ND3 nd4-3+ ACCAACTACGAGCGGACACACAG Haring et al. (2001)
ND4L nd5-2- ATGATTCCCACTCCTTCTCAGCC
ND4 L9034 CAGCACTAGCCTTTTAAGCTA Sorenson et al. (1999)
nd4-4- GCTTTCTAGGCATAGTAGGGC Haring et al. (2001)
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393  Table4

Gene Nucleotides Primer Sequence (5" to 3") Reference

COX1 1530 L6615 CCTCTGTAAAAAGGACTACAGCC Sorenson et al. (1999)

COXx2 675 L6615+1 GC(CT)A(CT)(CT)AACATAAAACCCCCAGCC  Present study

ATPS 150 L6615-1N CAAC(CT)GC(CT)ATCAACATAAA Present study
L6615+2 ATAGA(CT)GTAGA(CT)AC(CT)CGAGC Present study
L6615+3 GACGATACTCCGACTA(CT)CCAGA Present study
L6615+4N TCTCCTATCATAGAAGA Present study
L6615-4 TCCCC(CT)AT(CT)ATAGAAGA Present study
H9233 AAGAAGCTTAGGTTCATGGTCAGG Sorenson et al. (1999)

ATP6 666 L9034 CAGCACTAGCCTTTTAAGCTA Sorenson et al. (1999)

COX3 780 L9034-1 CAACTATC(AGC)AT(AG)AACAT Present study

ND3 342 L9034-1n CTAGGCCTACTACCATACACAT Present study

ND4L 285 L9034+1N CAA(CT)TATCAATAAACATA Present study

ND4 1359 L9034+2 CAATGATGACGAGACAT(CT)GTACG Present study
L9034+2N CAATGATGACGTGATATTGTACG Present study
L9034+3 TTCCA(CT)GGACT(GCT)CACGTAAT Present study
L9034+3N GTATA(CT)GGCTCAACCTTCTT Present study
L9034+4 TTCCTCAGTAGCAAT(CT)(CT)TATTCCT Present study
L9034+5 ACTCATACT(ACT)ACATTCTC Present study
L9034+5D CCAAACAACAACATTCACT Present study
L9034+5N5 ATCGAAAACCAAGCAGCA Present study
L9034+6 AGCTCCCTACC(CT)TTACT Present study
L9034+6N TACCTACTATTCTA(CT)ACCCT Present study
Nnd4-3+ ACAAACTA(CT)GAACG(AC)ACACACAG Present study
nd4-3+ ACCAACTACGAGCGGACACACAG Haring et al. (2001)

CYTB 912 mt-A(L14995) CTCCCAGCCCCATCCAACATCTCAGCATGAT Wink (1995)

GAAACTTCG
mt-C (L15320) TA(CT)GTCCTACCATGAGGACAAATATCATT Wink (1995)
CTGAGG

394
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