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Simple Summary: Galloanseres are one of the most widely distributed groups of birds, which
occupy different ecological niches and exhibit different evolutionary trends. Mitochondria are
widely used in phylogenetic analysis and ecological research due to unique genetic mechanisms and
significant physiological functions. Adapting to different environments requires meeting varying
energy demands, which is closely related to mitochondria. In this study, we constructed two complete
mitogenomes of Aythya baeri and Aythya marila. The phylogenetic and divergence time analysis
based on the mitochondrial PCGs were conducted to elucidate the evolutionary process of species
within Galloanseres. Additionally, the analysis of selective pressures between the two sister clades,
Galliformes and Anseriformes, revealed that different evolutionary directions have shaped distinct
evolutionary patterns of mitochondrial genes.

Abstract: The two existing clades of Galloanseres, orders Galliformes (landfowl) and Anseriformes
(waterfowl), exhibit dramatically different evolutionary trends. Mitochondria serve as primary sites
for energy production in organisms, and numerous studies have revealed their role in biological
evolution and ecological adaptation. We assembled the complete mitogenome sequences of two
species of the genus Aythya within Anseriformes: Aythya baeri and Aythya marila. A phylogenetic
tree was constructed for 142 species within Galloanseres, and their divergence times were inferred.
The divergence between Galliformes and Anseriformes occurred ~79.62 million years ago (Mya),
followed by rapid evolution and diversification after the Middle Miocene (~13.82 Mya). The analysis
of selective pressure indicated that the mitochondrial protein-coding genes (PCGs) of Galloanseres
species have predominantly undergone purifying selection. The free-ratio model revealed that the
evolutionary rates of COX1 and COX3 were lower than those of the other PCGs, whereas ND2 and
ND6 had faster evolutionary rates. The CmC model also indicated that most PCGs in Anseriformes
exhibited stronger selective constraints. Our study suggests that the distinct evolutionary trends
and energy requirements of Galliformes and Anseriformes drive different evolutionary patterns in

the mitogenome.

Keywords: Galloanseres; Galliformes; Anseriformes; mitochondria; mitogenome; phylogenetic;
biological evolution; evolutionary trends; energy requirements

1. Introduction

The Galloanseres, an ancient clade among extant birds, which together with the
Neoaves forms the clade Neognathae, clusters with Paleognathae to form the three major
group of modern birds (Neornithes) [1]. This clade consists of the orders Anseriformes
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and Galliformes and includes 142 genera and 480 species of birds worldwide. Birds of
Galloanseres are distributed worldwide and occupy important ecological niches in vari-
ous ecosystems. They have demonstrated different evolutionary trends. Species within
Anseriformes, which are predominantly aquatic, commonly inhabit wetlands, streams, and
lakes [2]. They excel at swimming and possess the ability to undertake long-distance mi-
gration. Conversely, species within Galliformes are primarily terrestrial, mostly inhabiting
terrestrial environments, such as forests and grasslands, with limited flying ability [3]. Birds
in this clade are also closely related to humans, and many domestic poultry species have
been domesticated from them [4,5].

Mitochondria are important functional organelles in eukaryotes that provide most of
the adenosine triphosphate (ATP) required for cells by means of oxidative phosphorylation
(OXPHOS) [6,7] and play a central role in apoptotic cell death by altering mitochondrial
outer membrane permeabilization [8]. In addition, mitochondria are involved in processes,
such as fatty acid oxidation, phospholipid synthesis, the generation and maintenance
of reactive oxygen species, and signaling in innate immunity [9,10], coordinating vari-
ous metabolic processes, which are achieved through establishing contacts with other
organelles, shedding specialized vesicles, or producing and releasing of signaling metabo-
lites [11]. Mitochondria can maintain their integrity and homeostasis through fusion and
fission according to the requirements of the cell [12], thereby affecting the aforementioned
processes. These are significant for organisms to adapt to various ecological niches [13-16].
Vertebrate mitochondria possess an independent genetic system consisting of 37 genes,
which includes 2 ribosomal RNA (rRNA) genes, 13 protein-coding genes (PCGs), 22 trans-
fer RNA (tRNA) genes, and 1 non-coding control region (D-loop). Mitochondrial genes
are ideal materials for studying animal phylogeny because of their extreme conservation,
maternal inheritance, and non-recombination during generation transmission [17,18]. For
example, Lebedev et al. elucidated the interspecific relationships within the Allactagi-
nae subfamily by constructing a phylogenetic tree using both nuclear and mitochondrial
genes [19]. Additionally, because mitochondria can provide the power needed for biological
functions, they may offer insights into how organisms adapt to different ecological niches.
Some studies have shown that the mitochondrial genes of organisms living in different
environments often have different evolutionary rates [20-23], which may be related to the
survival pressure faced by organisms; that is, organisms require different energies to adapt
to different environments. To date (April 2024), there have been no reports regarding the
different evolutionary directions of species within Galloanseres based on mitogenomes.
Considering the crucial role of mitochondria in the physiological activities and adaptation
to different environments of organisms, we explored the phylogenetic relationships and
adaptive evolution of Galloanseres, aiming to provide new insights into the evolutionary
process and adaptive evolution of Galloanseres.

In the present study, we assembled and annotated two new mitogenomes of the genus
Aythya (Aythya baeri and Aythya marila) based on high-quality nanopore sequencing data
to provide new genetic resources for Aythya. To elucidate the evolutionary relationships
within Galloanseres, we constructed a phylogenetic tree for 142 birds of Galloanseres based
on their PCGs and inferred their divergence times. We also analyzed the selection pressure
on the PCGs of species within Galloanseres to elucidate their roles in species adaptation to
different ecological niches. Our study provides insights into the phylogenetic relationships
among Galloanseres and their adaptations to different ecological niches.

2. Materials and Methods
2.1. Assembly and Annotation of the Mitogenome

We assembled two complete mitogenomes of Aythya using NOVOPlasty version
4.3.1 [24]. The raw data of genome sequencing used (A. baeri, SRR17568785; A. mar-
ila, SRR21672224; sequenced by our research group) were downloaded from the NCBI
SRA database. The seed sequence used was the complete mitogenome of Anas platyrhyn-
chos (NC_009684.1), and the K-mer and genome range were set to 33 and 12,000-20,000,



Animals 2024, 14, 1437

30f13

respectively. We validated and revised the assembled sequences by comparing them
with the seed sequence using BLAST and annotated the mitogenomes using MITOS2 [25]
(http:/ /mitos2.bioinf.uni-leipzig.de/index.py, accessed on 26 November 2022). The com-
plete mitogenomes assembled were submitted to the NCBI GenBank database under
accession numbers OP909754 (A. marila) and OP909755 (A. baeri). OGDRAW [26] of the
MPI-MP CHLOROBOX website (https://chlorobox.mpimp-golm.mpg.de/geseq.html, ac-
cessed on 23 April 2024) was used to construct a gene map of these mitogenomes. The
relative synonymous codon usage (RSCU) of mitochondrial PCGs was calculated using
MEGA X [27]. The RSCU was plotted using the R software package version 4.1.3 (pack-
age, ggplot2). Nucleotide composition skew was calculated using the following formula:
AT-skew = (A — T)/(A + T) and GC-skew = (G — C)/(G + Q).

2.2. Phylogenetic Analysis and Divergence Time Inference

In addition to the two mitogenomes of Aythya, we downloaded the published complete
mitogenomes of all species within Galloanseres and the rock dove (Columba livia) from
GenBank (July 2023). The reference or longest sequence of each species was used for
phylogenetic analysis (Table S1). We used PhyloSuite version 1.2.3 [28] to extract the 13
PCGs (COX1, COX2, COX3, ND1, ND2, ND3, ND4, ND4L, ND5, ND6, ATP6, ATP8, and
CYTB), MAFFT version 7.505 [29] to align them, and Gblocks version 0.91b [30] to extract
conserved sites from the multiple sequence alignment results. The conserved sequences of
all species were concatenated into a supermatrix to infer the phylogenetic relationships.
Based on the Bayesian information criterion, ModelFinder version 2.2.0 [31] was used
to identify the best model (GTR+F+I+G4) for MrBayes version 3.2.7a [32]. MrBayes was
used to generate a phylogenetic tree with Markov chain Monte Carlo (MCMC) chains; the
generation parameter was set to 2,000,000 and sampled every 1000 generations; and the
burnin fraction was set to 25.0% for diagnostics. A rock dove was used as an outgroup.

The time of species divergence was inferred using the MCMCtree module in the PAML
version 4.7 [33] and the first recorded time for the families Anatidae and Phasianidae
(Anatidae, 40.4-46.2 million years ago [Mya]; Phasianidae, 41.3-47.8 Mya) on the min-
dat.org website (https:/ /www.mindat.org, accessed on 6 June 2023), and the divergence
times of Anseriformes and Galliformes (72.5-85.4 Mya) from TimeTree [34] were used as
correction time.

2.3. Selection Pressure Analysis of Mitochondrial Genes

Synonymous and non-synonymous mutations of organism proteins occur under
different selection pressures and are fixed at different rates [33]. Therefore, we used the
ratio of non-synonymous mutations (dN) to synonymous mutations (dS) (w = dN/dS) to
reveal the intensity of natural selection on PCGs. The codeml module in PAML was used to
analyze natural selection pressure. The free-ratio model (model = 1, NSsites = 0; null model,
MO, model = 0, NSsites = 0) allows each branch to have an independent w value, enabling
the assessment of the natural selection pressure on each terminal branch. Some branches
may lack synonymous or non-synonymous substitutions, which could lead to extreme w
estimates [35]; in such cases, we designated the w value as “NA”. To assess the phylogenetic
evolutionary rates of Anseriformes and Galliformes, we used Clade model C (CmC model,
model = 3, NSsites = 2, ncatG = 3; null model, M2a_rel, model = 0, NSsites = 22), which
could simultaneously detect selection pressures on multiple particular lineages.

3. Results
3.1. Mitogenome Structure and Annotation

We assembled the complete mitogenomes of A. baeri and A. marila, which were 16,622
and 16,616 bp in size, respectively. The GC contents of the complete mitogenomes of
A. marila and A. baeri were 48.3% and 48.1%, respectively, which are similar to that of other
species within Anatidae and slightly lower than that of AT bases (Table S1). The AT skew
values of A. marila and A. baeri were 0.139 and 0.143, respectively, whereas the GC skew
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values were —0.359 and —0.362, indicating a higher content of the A bases than the T
bases and a higher content of the C bases than the G bases. Both complete mitogenomes
contained 37 genes, including 13 PCGs, 22 tRNA genes, 2 rTRNA genes, and 1 non-coding
region (Figure 1a,b). The ND6 gene and 8 tRNA genes (trnQ, trnA, trnN, trnC, trnY, trnS,
trnP, ND6, and trnE) are located on the light chains, whereas the remaining 28 genes are
located on the heavy strand (Tables 1 and 2).
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Figure 1. Mitogenome gene map of A. baeri (a) and A. marila (b). The genes outside the circle are
transcribed clockwise, whereas the genes inside the circle are transcribed counterclockwise.

Table 1. Mitogenome characteristics of A. baeri.

Gene Nucleotide Positions  Size (bp) Stand Intergenic Nucleotide Start Stop

trnF 1-70 70 +
12s rRNA 70-1053 984 + -1
trnV 1054-1124 71 + 0
16s rRNA 1155-2704 1550 + 30
trnL 2729-2802 74 + 24
ND1 2807-3784 978 + 4 ATG AGG
trnl 3783-3854 72 + -2
trnQ 3863-3933 71 - 8
trnM 3933-4001 69 + -1
ND2 4002-5040 1039 + 0 ATG T
trnW 5041-5116 76 + 0
trnA 5120-5188 69 - 3
trnN 5191-5263 73 — 2
trnC 5264-5329 66 - 0
trnY 5329-5399 71 - -1
COX1 5401-6951 1551 + 1 GTG AGG
trnS 6943-7015 73 - -9
trnD 7018-7086 69 + 2
(6(0).¢] 7088-7774 687 + 1 GTG TAA
trnK 77767843 68 + 1
ATPS 7845-8012 168 + 1 ATG TAA
ATP6 8003-8686 684 + -10 ATG TAA
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Table 1. Cont.
Gene Nucleotide Positions Size (bp) Stand Intergenic Nucleotide Start Stop
COX3 8686-9469 784 + -1 ATG T
trnG 9470-9538 69 + 0
ND3 9539-9890 352 + 0 ATG TAA
trnR 9892-9962 71 + 1
ND4L 9963-10,259 297 + 0 ATG TAA
ND4 10,253-11,630 1378 + -7 ATG T
trnH 11,631-11,699 69 + 0
trnS 11,700-11,765 66 + 0
trnL 11,765-11,835 71 + -1
ND5 11,836-13,659 1824 + 0 GTG TAA
CYTB 13,659-14,801 1143 + ~1 ATG TAA
trnT 14,804-14,872 69 + 2
trnP 14,883-14,952 70 ~ 10
ND6 14,963-15,484 522 - 10 ATG TAG
trnE 15,485-15,552 68 — 0
Table 2. Mitogenome characteristics of A. marila.
Gene Nucleotide Positions Size (bp) Stand Intergenic Nucleotide Start Stop
trnF 1-70 70 +
12s rRNA 70-1054 985 + -1
trnV 1055-1125 71 + 0
16s rRNA 1156-2705 1550 + 30
trnL 2729-2802 74 + 23
ND1 2807-3784 978 + 4 ATG AGG
trnl 3783-3854 72 + -2
trnQ 3863-3933 71 — 8
trnM 3933-4001 69 + -1
ND2 4002-5040 1039 + 0 ATG T
trnW 5041-5116 76 + 0
trnA 5120-5188 69 - 3
trnN 5191-5263 73 — 2
trnC 5264-5329 66 - 0
trnY 5329-5399 71 — -1
COX1 5401-6951 1551 + 1 GTG AGG
trnS 6943-7015 73 - -9
trnD 7018-7086 69 + 2
CcOox2 7088-7774 687 + 1 GTG TAA
trnK 77767843 68 + 1
ATP8 7845-8012 168 + 1 ATG TAA
ATP6 8003-8686 684 + -10 ATG TAA
COX3 8686-9469 784 + -1 ATG T
trnG 9470-9538 69 + 0
ND3 9539-9890 352 + 0 ATG TAA
trnR 9892-9961 70 + 1
NDA4L 9962-10,258 297 + 0 ATG TAA
ND4 10,252-11,629 1378 + -7 ATG T
trnH 11,630-11,698 69 + 0
trnS 11,699-11,764 66 + 0
trnL 11,764-11,834 71 + -1
ND5 11,835-13,658 1824 + 0 GIG TAA
CYTB 13,658-14,800 1143 + -1 ATG TAA
trnT 14,803-14,871 69 + 2
trnP 14,882-14,951 70 — 10
ND6 14,962-15,483 522 - 10 ATG TAG
trnE 15,484-15,551 68 — 0
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Across the mitogenome sequences, there were 34 bp in overlapping regions, and both
species exhibited the largest overlap of 10 bp between ATPS and ATP6 (Tables 1 and 2).
Both species shared the same start and stop codons in their PCGs (Tables 1 and 2). Apart
from the conventional start codon ATG, which was present in 10 PCGs, the non-standard
codon GTG was found in COX1, COX2, and NDb5. Four types of stop codons were identified:
AGG, TAA, TAG, and T. Codon usage analysis revealed that these two species have
strong preferences for eight codon families: Ala, Arg, Gly, Leul, Pro, Ser2, Thr, and Val
(Figure 2a,b).

(@) ¢

RSCU

0-
Ala Arg Asn Asp Cys GIn Glu Gly His lle LeullLeu2 Lys Met Phe Pro Ser1Ser2 Thr Trp Tyr Val

(b) o

RSCU

0-
Ala Arg Asn Asp Cys GIn Glu Gly His lle LeullLeu2 Lys Met Phe Pro Ser1Ser2 Thr Trp Tyr Val

Figure 2. Relative synonymous codon usage (RSCU) of A. baeri (a) and A. marila (b). The X-axis shows
the codon family types, and the Y-axis shows the proportion of each codon type to the respective
codon family.

3.2. Phylogenetic and Divergence Time Analysis

We present a Bayesian inference phylogenetic tree with high bootstrap support val-
ues and Bayesian posterior probabilities for 142 species of Galloanseres (Figure 3). The
minimum and average effective sample size (ESS) were 1297.82 and 1384.62, respectively,
indicating that the Bayesian inference of phylogeny was reliable. The phylogenetic relation-
ships showed that Galloanseres are a monophyletic group divided into two evolutionary
clades: Anseriformes and Galliformes. Species of Anseriformes and Galliformes are clus-
tered together. Within Anseriformes, the closest relationship is observed between the
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family Anhimidae and Anseranatidae, which then cluster together with Anatidae. A. baeri
and A. marila are most closely related to Aythya nyroca and Aythya fuligula, respectively.
Tadorna tadorna clusters together with Anas platyrhynchos rather than grouping with Tadoma
ferruginea from the same genus (Tadorna) because this species should be identified as the
Linwu duck (Anas platyrhynchos domestica) [36]. Within Galliformes, the family Phasianidae
is most closely related to the family Odontophoridae, followed by the clade leading to the
families Numididae, Cracidae, and Megapodiidae. Our results exhibited a topology similar
to those of previous studies [37,38].
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Figure 3. The Bayesian inference of phylogenetic trees for 143 species based on PCG matrix.

Based on fossil-calibrated species divergence times (Figure 4), Galliformes and Anseri-
formes diverged at approximately 79.62 Mya (95% CI: 73.45-85.23 Mya). The main clade
of Anseriformes, family Anatidae, split around 74.54 Mya (95% CI: 68.89-80.06 Mya),
whereas another clade split into Anseranatidae and Anhimidae around 67.07 Mya (95%
CI: 61.19-73.02 Mya). The separation times of several major families within Galliformes
are as follows: Megapodiidae around 71.33 Mya (95% CI: 66.18-76.62), Cracidae around
66.48 Mya (95% CI: 61.81-71.59), Numididae around 49.71 Mya (95% CI: 47.23-54.16), and
the divergence of Phasianidae and Odontophoridae around 47.14 Mya (95% CI: 45.03-51.51).
Simultaneously, it is noteworthy that Galloanseres continued to diversify rapidly after the
Middle Miocene.
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Figure 4. Divergence time estimation of 143 Species based on 13 mitochondrial PCGs. “Q.” is an
abbreviation for Quaternary; “P.” is an abbreviation for Pliocene.

3.3. Selection Pressure Analysis

The results of the free-ratio model indicated that, with the exception of ATP8 and
ND4L, all other genes were better explained by the free-ratio model than by the M0 model
(p < 0.05) (Table S2). ATP8 and ND4L showed the same rate of evolution across all species,
whereas the other genes exhibited different rates of evolution. Most species” mitochondrial
PCGs have undergone purifying selection (w < 1), except for Arborophila orientalis, where
a signal of positive selection was detected in ND4 (w = 1.172) (Table S2). We used the
root-to-tip w to assess the selection pressure of different mitochondrial PCGs. Overall,
larger w values were observed in the Galloanseres species for ND2 and ND6, whereas
smaller w values were evident for COX1 and COX3 (Figure 5 and Table S3). These indicated
that the ND2 and ND6 likely evolved more quickly, whereas the COX1 and COX3 were
more conservative.

We used the CmC model to examine the evolutionary rates of the two clades, and the
results indicated differences in the evolutionary rates between lineages occupying the two
distinct ecological niches (Table 3). Likelihood ratio tests showed no significant (p > 0.05)
differences in ATPS, COX2, ND4L, or ND6 between the two models, indicating that the
evolutionary rates of the two clades were the same, which supports the outcome of the null
model. Other genes showed that the M2a_rel model was superior to the CmC model. The
w values of all genes were <1, indicating that these genes were under purifying selection
pressure in both Galliformes and Anseriformes. For the other genes, except for ATP6, the
evolutionary rate was lower in Anseriformes than in Galliformes.
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Table 3. Positive selection test of mitochondrial PCGs in different clades using the CmC model.

MZ2a_rel CmC

Gene Model Compared |2AInL | p-Value

w WANS WGAL
ATP6 15.9197 3492 x 104 ** 0.1565 0.1679  0.1582
ATPS8 42318 0.1205 0.2575 0.1702  0.2763
COX1 13.7733 0.0010 ** 0.1073 0.1034  0.1099
Ccox2 1.5259 0.4663 0.1133 0.1290  0.1109
COX3 8.0060 0.0183 * 0.0633 0.0613  0.0660
CYTB 12.8937 0.0016 ** 0.0886 0.0832  0.0918
ND1 CmC vs. M2a_rel 13.7817 0.0010 ** 0.1661 0.1557  0.1697
ND2 60.4582 7.438 x 10714 0.1537 0.1038  0.1696
ND3 12.5340 0.0019 ** 0.1720 0.1232  0.1907
ND4 26.8034 1.513 x 1076 ** 0.1313 0.1074  0.1402
ND4L 3.3608 0.1863 0.1003 0.1267  0.0936
ND5 16.7277 2.33 x 1074 ** 0.1346 0.1075  0.1443
NDé6 8.9346 0.0115* 0.1288 0.1004  0.1388

Note: *, significant level (* p < 0.05, ** p < 0.01). ANS: the clade of Anseriformes; GAL, the clade of Galliformes.

4. Discussion

The adaptive evolution of organisms is a complex process that involves multiple pro-
cesses, such as genetics, transcription, metabolism, and physiological activities. Maternally
inherited, possessing independent genetic and proteosynthetic apparatus, providing most
of the energy required for life activities, and participating in a multitude of life processes,
these making mitochondria ideal materials for studying phylogeny and adaptive evolution.
In this study, we present a comparative analysis of the mitogenomes in Galloanseres to
investigate their roles in the divergent evolutionary trajectories of the two sister clades and
the evolutionary process of species within Galloanseres.

We assembled the complete mitogenomes of A. baeri and A. marila using NOVOPlasty,
based on high-quality, high-throughput sequencing data. The mitogenomes of these two
diving ducks exhibited typical circular structures with lengths of 16,622 and 16,616 bp,
respectively, and contained 13 PCGs, 22 tRNA genes, 2 rRNA genes, and 1 non-coding
region. The gene structures and lengths were similar to those of the mitogenomes of
other species within Aythya reported in previous studies (Tables 1, 2 and S1) [39-43].
Additionally, differences in nucleotide composition and codon usage were extremely
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similar, indicating a highly conserved mitogenome structure among species within Aythya.
Although mitochondria are widely present in eukaryotic cells, they possess independent
DNA and translation systems, with translation types similar to those of bacteria [44,45].
Two start codons were observed within these two mitogenomes: GTG and the standard
codon ATG, which are also relatively common start codons in vertebrates [46-49]. There
are multiple types of stop codons, including AGG, TAA, TAG, and an incomplete codon T.
AGG serves as a codon for encoding arginine, but in mitochondria, owing to the absence of
cognate tRNAs, this codon is reassigned to function as a stop codon [50] and terminates
translation by interacting with mitochondrial release factor 1 [51,52]. The incomplete T stop
codon could be completed by means of posttranscriptional polyadenylation [20].

Through phylogenetic analysis, we constructed a robust phylogenetic tree for Gal-
loanseres, with each node being well supported (bootstrap > 0.9). This phylogenetic tree
covered all families and more than half (75 genera) of the 142 genera in Galloanseres,
providing a comprehensive explanation of the phylogenetic relationships within the sub-
class. According to the species divergence time estimation, the two clades of Galloanseres
diverged around 79.62 Mya, and it was not until the past few million years that the ma-
jor lineages of Galloanseres gradually formed. Since the Middle Miocene (~13.82 Mya),
species of Galloanseres have undergone rapid evolution and diversification. This could
be the result of climate change, causing the fragmentation and vicariance of biological
communities [53]. The Miocene climatic optimum promoted population expansion, and the
cooling episode during the Middle Miocene led to a wave of retraction and fragmentation
of biological communities [54], increasing the opportunity for the formation of new isolated
populations [55].

Mitochondrial OXPHOS is at the core of cellular energy metabolism, which is crucial
for energy generation in eukaryotic organisms. The analysis of selective pressures on the
13 mitochondrial PCGs revealed the roles and contributions of these genes in adaptation
to different ecological niches. Both the free-ratio model and CmC model analysis showed
evidence of purifying selection acting on these genes (except for ND4 in A. orientalis),
indicating that mutations in mitochondrial genes are mostly synonymous. Studies in
other organisms have suggested that mitochondrial genes primarily undergo purifying
selection [21,23,56,57]. Non-synonymous mutations involve the replacement of amino acid
residues, leading to variants with uncertain significance [58], which can result in OXPHOS
dysfunction and related diseases [59], whereas synonymous mutations can maintain the
normal structure and function of proteins. Mitochondrial genes also exhibit different
evolutionary patterns across species. Cytochrome c oxidase is a key rate-limiting enzyme
in the electron transport chain that drives OXPHOS and serves as a regulatory center
for oxidative phosphorylation [60]. In addition, this enzyme is subjected to feedback
inhibition by ATP to prevent the formation of reactive oxygen species. Two genes encoding
cytochrome c oxidase subunits (COX1 and COX3) show strong purifying selection, which
may be related to their essential functions. NADH dehydrogenase (complex I) is the
most complicated enzyme complex of the mitochondrial respiratory chain, encoded by
seven mitochondrial genes [61]. ND2 and ND6 may have experienced more relaxed
selective constraints, which allowed them to accumulate more mutations, but these may
not affect the normal function of NADH dehydrogenase. In general, the mitochondrial
genes of Galliformes have exhibited a faster rate of evolution. Our evaluation of the
evolutionary rates of both the Galliformes and Anseriformes clades largely supported this
result. Different evolutionary directions impose selective constraints on the mitogenome,
leading to different rates of evolution. Birds of Anseriformes, which require swimming and
long-distance flight, have stronger locomotor abilities than birds of Galliformes. Stronger
purifying selection may help birds of Anseriformes maintain an efficient energy metabolism,
whereas birds of Galliformes relax their energy requirements, allowing them to experience
more relaxed selective pressures [62].
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5. Conclusions

We assembled two new complete mitogenome sequences of species within Aythya
based on high-quality sequencing data, estimated a robust phylogenetic relationship tree
within the Galloanseres, and inferred divergence times among species based on fossil
calibrations. We found that species within Galloanseres underwent rapid evolution and
diversification after the Middle Miocene. The analysis of the selection pressure on mitochon-
drial PCGs indicated that purifying selection was the predominant trend in Galloanseres,
which may be crucial for maintaining normal OXPHOS. The evolutionary rates of COX1
and COX3 were slower than those of other genes, likely because of their important functions
in the electron transport chain. The evolutionary rate of mitochondrial PCGs in Anseri-
formes was generally lower than that in Galliformes, indicating that different evolutionary
directions with varying energy demands influenced the mitochondrial evolution rate. In
summary, our study provides new genetic resources for A. baeri and A. marila, revealing the
phylogenetic relationships and evolutionary processes of species within Galloanseres, and
providing molecular evidence for the evolution of Galloanseres.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ani14101437/s1, Table S1: Information of all the mito-
chondrial genomes used; Table S2: Positive selection test of mitochondrial PCGs in different branches
using the free-ratio model; Table S3: The root-to-tip w of mitochondrial PCGs.
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