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Abstract To explore the spatio-temporal dynamics of
endangered fin whales (Balaenoptera physalus) within the
baleen whale (Mysticeti) lineages, we analyzed 148 pub-
lished mitochondrial genome sequences of baleen whales.
We used a Bayesian coalescent approach as well as Bayesian
inferences and maximum likelihood methods. The results
showed that the fin whales had a single maternal origin, and
that there is a significant correlation between geographic
location and evolution of global fin whales. The most recent
common female ancestor of this species lived approxi-
mately 9.88 million years ago (Mya). Here, North Pacific
fin whales first appeared about 7.48 Mya, followed by a sub-
sequent divergence in Southern Hemisphere approximately
6.63 Mya and North Atlantic about 4.42 Mya. Relatively
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recently, approximately 1.76 and 1.42 Mya, there were two
additional occurrences of North Pacific populations; one
originated from the Southern Hemisphere and the other
from an uncertain location. The evolutionary rate of this
species was 1.002 x 1073 substitutions/site/My. Our Bayesian
skyline plot illustrates that the fin whale population has the
rapid expansion event since ~2.5 Mya, during the Quater-
nary glaciation stage. Additionally, this study indicates that
the fin whale has a sister group relationship with humpback
whale (Meganoptera novaeangliae) within the baleen whale
lineages. Of the 16 genomic regions, NADHS5 showed the
most powerful signal for baleen whale phylogenetics. Inter-
estingly, fin whales have 16 species-specific amino acid resi-
dues in eight mitochondrial genes: NADH2, COX2, COX3,
ATPase6, ATPase8, NADH4, NADHS, and Cytb.

Keywords Fin whale - Mitogenome - Phylogenomics -
Spatiotemporal dynamics - Bayesian coalescent approach

Introduction

The fin whale, Balaenoptera physalus (Linnaeus, 1758), is
the second largest animal on our planet—about 27 m in body
length and 75 tonnes in weight—after the blue whale. Its
body shape is long and slender, and the body color is gray
and white respectively for the dorsal and ventral side. To
date, the fin whale has provided important benefits such as
meat, blubber, and baleen to humans. However, this animal
is unfortunately close to extinction due to commercial whal-
ing; their global population estimates range from 100,000
to 119,000 (Reilly et al. 2008). In order to prevent extinc-
tion, the International Whaling Commission (IWC) recently
started to control the commercial hunting of fin whales.
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Conservation and management of the endangered spe-
cies require an understanding of its demography, biogeog-
raphy, ecology, behavior, genetics, and their interactions.
When exploring the evolutionary phylogenetics of animals,
the mitochondrial DNA is a very useful genetic marker
largely due to its maternal inheritance, relatively low rate of
genetic recombination, and the presence of strictly ortholo-
gous genes evolving at different rates (Saccone et al. 1999).
To this end, many works have been published regarding
cetacean phylogeny on the basis of mitochondrial genome
(Archer et al. 2013; Morin et al. 2010) and particular gene
regions, such as control region (D-loop) (Hatch et al. 2006;
Jackson et al. 2014; Pomilla et al. 2014) and cytochrome
b (Amaral et al. 2012; May-Collado and Agnarsson 2006;
McGowen et al. 2009) sequences. Nevertheless, spatiotem-
poral dynamics of the fin whales remains inconclusive.
There has been only one phylogenetic study focused on fin
whale mitogenome sequences (Archer et al. 2013). In that
report, authors suggested that the North Atlantic fin whales
are more closely related to Southern Hemisphere than to
the North Pacific regions. However, they did not address the
population size changes and phylogenetic position of the fin
whale within the baleen whale lineages; the authors dealt
with only fin whale species of the 15 modern Mysticeti spe-
cies and used only one phylogenetic analysis method—the
concatenation in BEAST program.

Accordingly, to further explore the phylogeny and evolu-
tionary dynamics of the fin whale, it is still needed to ana-
lyze more extensive sequence information from additional
representative species, using more exhaustive analytical
methods. We analyzed 148 published mitochondrial genome
sequences of 14 baleen whale species using the Bayesian
coalescent approach as well as Bayesian inferences (BI) and
maximum likelihood (ML) methods. The present study has
five specific objectives: (1) testing the monophyletic origin
of the fin whale; (2) addressing the geographic influences
on the heterogeneity of fin whales; (3) examining the phy-
logenetic relationships between fin whales and other baleen
whale species; (4) estimating the time of the most recent
common female ancestor of fin whales; (5) finally, assess-
ing the changes in the population size of modern fin whales.

Materials and methods

Mitochondrial genome characterization of the fin
whales

We analyzed the published mitochondrial genome sequences
of 148 baleen whales (Mysticeti) from NCBI. In detail, 125
are fin whales (B. physalus) from the North Pacific (n=72),
North Atlantic (n=12), and Southern Hemisphere (n=41),
while the remaining 23 whales are members of 13 other
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baleen whale species. The taxa utilized in the present study
are listed in Table S1 with their GenBank accession num-
bers. The sequences were aligned using MAFFT v 6 (Katoh
et al. 2002), and then visually edited. The final alignment for
phylogenomic analyses comprised 16,454 nucleotide posi-
tions. Furthermore, we characterized 125 fin whale mito-
chondrial genome sequences. Here, we estimated the follow-
ing values for both nucleotide and amino acid sequences of
the 38 mitochondrial genome regions using BIOEDIT 7.053
(Hall 1999), Modeltest 3.7 (Posada and Crandall 1998), and
PAUP 4.0b10 (Swofford 2003)—total sites (including gaps),
variable sites, sequence identities, Ts/Tv ratios, base fre-
quencies, and evolutionary models. The 38 partitions used in
the analysis were divided according to sequence positions of
a published mitochondrial genome (GenBank Accession No.
AP006472). In addition, we plotted the number of nucleotide
and amino acid variations at each position throughout the
mitochondrial genomes. We first estimated the nucleotide
differences by counting the number of minor nucleotides
at each position across the sequence alignment. Next, we
defined the most frequent nucleotide at each site as the major
nucleotide (A, T, C, or G), and the rest of the nucleotides
were considered minor nucleotides. As an example, at a spe-
cific position of the alignment, if the nucleotide C was major
in 117 samples, while A, T, and G were observed as minor
nucleotides in the remaining 31 samples, the nucleotide dif-
ference was 31. We applied the same principle for amino
acid differences.

Phylogenomic analyses

Phylogenomic analyses were carried out using BI and ML.
Kogia breviceps (NC005272) (Odontoceti; Kogiidae) was
used as an outgroup as it is the closest related species to the
Mpysticeti. The best-fit model for the baleen whale mitochon-
drial genomes was determined using the standard Modeltest
PAUP block in PAUP 4.0b10 (Swofford 2003) and Akaike’s
information criterion (AIC) in Modeltest 3.7 (Posada and
Crandall 1998); GTR+I+G was selected as the best evolu-
tionary model.

BI analysis was conducted using MrBayes 3.2.1 (Ronquist
and Huelsenbeck 2003) with the following parameters: Nst,
6; rates, gamma; number of generation, 30,000,000; sample
frequency, 500; number of chains, 4; burn-in generation,
25%. Here, the Bayesian posterior probabilities (BPP) were
calculated as a measure of node support.

ML phylogenetic analysis was performed in PHYML 3.0
(Guindon and Gascuel 2003) and was run under the follow-
ing options: model of nucleotide substitution, GTR; initial
tree, BIONJ; nonparametric bootstrap analysis, yes, 500
pseudoreplicates; proportion of invariable sites, estimated;
number of substitution rate categories, 6; gamma shape
parameter, estimated by program; optimize tree topology,
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yes. Bootstrap values shown on respective internal nodes
indicated confidence of the phylogenomic analysis.

In addition to the phylogenomic analyses, we employed
BI analyses at the mitochondrial gene level in order to screen
the most significant phylogenetic marker among the 16 mito-
chondrial genes. The best-fit models for each region used in
analyses are summarized in Table S2.

Estimation of time of the most recent common ancestor
(tMRCA), substitution rate, and population size
changes

BEAST 2.4.4 (Drummond and Rambaut 2007) was used
to estimate the times of the most recent common ancestor
(tMRCA), rates of nucleotide substitutions, and changes in
population size under Bayesian coalescent approach. Crown
Cetacea was calibrated based on the oldest mysticete fos-
sil Llanocetus (Mitchell 1989; Steeman 2007) (34 Mya, 35
mean, 1.0 SD). The age of the basal of the crown Mysticeti
was estimated on the basis of an unnamed balaenid from
New Zealand (Hubbard et al. 2002) (28 Mya, 29.0 mean, 1.0
SD). Kogia breviceps (Odontoceti; Kogiidae) was used as an
outgroup. The analysis was conducted under the GTR+I+G
model, nst=6, and rates = gamma derived from AIC in Mod-
eltest 3.7 (Posada and Crandall 1998). We employed the
relaxed uncorrelated lognormal for clock model and Yule
process for tree topology prior. The data sets were each
run for 500,000,000 generations to ensure convergence
of all parameters (ESSs> 100) with discarded burn-in of
10%. Subsequently, we examined the effective population
size changes of fin whales over the time and analyzed only
125 fin whale mitochondrial genome sequences using the
Coalescent bayesian skyline for tree topology prior. For the
calibration point of fin whale, we assumed an tMRCA of
9.88 My, which was estimated from entire 148 baleen whale
mitochondrial genome sequences. The output files were
analyzed together in Tracer 1.5 (http://beast.bio.ed.ac.uk/
Tracer), and the statistical uncertainties were summarized in
the 95% highest probability density (HPD) intervals. Trees
were summarized as maximum clade credibility trees using
the TreeAnnotator program in the BEAST package and were
displayed using FigTree 1.4.2 (Rambaut 2012).

Results

Findings from the mitochondrial genome sequences
of fin whales

Characterization of the entire mitochondrial genome and
individual gene sequences of the 125 fin whales are reported
in Table 1. The mitochondrial genome alignment (including
insertions) is 16,402 bp in length, and 951 (5.8%) of the

nucleotide sites are polymorphic. Our plot, which visualizes
the number of both nucleotide and amino acid variations
at each site throughout the alignment, illustrates that both
nucleotide and amino acid alterations were evenly distrib-
uted throughout the mitochondrial genomes (Fig. 1). As a
note, higher amino acid similarities were observed in three
genes (COX1, COX2, and COX3). The nucleotide sequence
identities among the fin whale samples ranged from 98.7
to 99.9% (average, 99.3%), corresponding to 97.9-100%
(average, 99.1%) identity at the amino acid level. Of the
16 regions analyzed, NADH?2 was the most variable (aver-
age sequence identities of 98.8), while both 16S rRNA and
NADHI1 were the most conserved (average sequence iden-
tities of 99.7% for both nucleotides). Interestingly, all fin
whales had their specific amino acid sequences through-
out these eight genes: NADH2, COX2, COX3, ATPaseb6,
ATPase8, NADH4, NADHS, and Cytb (Table 2).

Phylogenomic analyses

For phylogenomic inferences, we analyzed 148 mitochon-
drial genome sequences of baleen whales (125 fin whales
and 23 other baleen whales). Our study focused on reliably
aligned regions comprising a total of 16,454 nucleotide posi-
tions. BI and ML methods produced identical tree topolo-
gies and supported the configurations of the maximum clade
credibility tree (Figs. 2, 3). Especially, the fin whale clade
within the baleen whale lineages was enlarged as shown in
Fig. 3.

The topologies of the phylogenomic trees indicated that
fin whale had a monophyletic origin and its members were
classified into one of four major clades with high confidence
for each node. There were geographic groupings within the
global fin whale trees. Group 1 consisted of 50 fin whales,
Southern Hemisphere (n=41) and North Pacific (n=9);
here, North Pacific whales had a single origin. Group 2
(n=12) were from the North Atlantic, whereas both Group
3 (n=2) and Group 4 (n=61) were individuals from the
North Pacific regions. The phylogenetic trees also strongly
supported the fin whale clade as the sister group to hump-
back whale (Megaptera novaengliae) within the baleen
whale lineages.

In addition to phylogenomic analyses we carried out
BI analyses at gene level under the best-fit evolutionary
model to identify strongest phylogenetic marker among the
16 regions (Table S2). Here, all individual trees were com-
pared to the complete mitochondrial genome trees. From
the comparison, NADHS5 gene tree (Fig. 4) is the most
similar to the genomic tree; thus, the NADHS gene was
selected as the most significant phylogenetic marker for
baleen whales. The overall tree topologies of both control
region (Fig. S1) and Cytochrome b gene (Fig. S2), which
have been used as the markers of Mysticeti phylogeny,

@ Springer


http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer

606

Genetica (2017) 145:603-612

Table 1 Summary of mitochondrial genome regions of 125 fin whales used in this study

Genomic region Total sites includ- Variable site Sequence identities ~ Ts/Tv ~ Base frequen- Evolutionary Nst  Rates
ing gaps, nt/aa (%), nt/aa (%), average, nt/aa ratio  cies, A,C,G(%) model

12S rRNA 976/— 31 (3.2%)/- 92.4-100 (99.3)/- 5.00 35.0/24.6/18.5 HKY+I 2 Equal

16S rRNA 1578/- 55 (3.5%)/- 99.1-100 (99.7)/- 490 36.7/21.8/17.2  TVM+I 6 Equal

NADHI1 956/319 62 (6.5%)/ 98.2-100 (99.7)/ 14.89  32.1/29.9/11.9  HKY+I 2 Equal
18 (5.7%) 97.1-100 (99.5)

NADH2 1042/348 81 (7.8%)/ 97.3-100 (98.8)/ 15.02  35.2/29.5/8.8 TIN+I+G 6 Gamma
28 (8.1%) 96.2-100 (99.3)

COX1 1151/517 69 (4.4%)/ 98.6-100 (99.3)/ 25.63 28.9/26.3/16.2  TrN+I 6 Equal
11 (2.1%) 98.8-100 (99.9)

COX2 684/228 36 (5.3%)/ 98.6-100 (99.5)/ 9.54 33.9/25.7/13.0  K8luf+l 6 Equal
6 (2.6%) 98.6-100 (99.8)

ATPase6 681/227 49 (7.2%)/ 98.3-100 (99.4)/ 29.61 31.4/28.9/10.6  TrN+I 6 Equal
15 (6.6%) 97.7-100 (99.4)

ATPase8 192/64 14 (7.3)/ 95.8-100 (98.9)/ 29.68  37.6/28.2/6.7 HKY+I 2 Equal
9 (14.3%) 92.0-100 (99.5)

COX3 785/262 40 (5.1%)/ 98.2-100 (99.4)/ 4.63 27.6/29.6/142  HKY 2 Equal
7 2.7%) 98.0-100 (99.9)

NADH3 346/116 20 (5.8%)/ 97.9-100 (99.3)/ 29.66 30.8/29.3/11.5 HKY 2 Equal
4 (4.5%) 97.3-100 (99.6)

NADH4L 297/99 17 (5.7%)/ 97.3-100 (99.1)/ 29.66  27.7/27.7/13.0  HKY+G 2 Gamma
3(3.1%) 97.9-100 (99.8)

NADH4 1378/460 100 (7.3%)/ 98.0-100 (99.0)/ 9.12  31.6/30.4/10.2  TrN+G 6 Gamma
26 (5.7%) 96.2-100 (99.7)

NADHS5S 1821/607 130 (7.1%)/ 98.1-100 (99.1)/ 15.33  31.9/31.1/10.7 TVM+G 6 Gamma
50 (8.3%) 96.0-100 (99.3)

NADHG6 528/176 33 (6.2%)/ 97.9-100 (99.1)/ 2521 19.1/6.9/32.0 TrN+I1 6 Equal
41 (23.4%) 80.5-100 (98.6)

Cytob 1140/380 74 (6.5%)/ 98.1-100 (99.1)/ 29.41 30.6/31.0/12.7 HKY+G 2 Gamma
30 (7.9%) 96.0-100 (99.6)

Control region 851/- 63 (7.4%)/- 92.4-100 (98.9)/— 21.78  29.0/23.1/16.8  TrN+I+G 6 Gamma

13protein coding 11,370/3803 832 (7.3%)/ 97.9-100 (99.1)/ 15.77 30.7/28.3/12.9  TrN+I+G 6 Gamma

genes 248 (6.5%)
22 tRNAs 1525/~ 77 (5.0%)/— 92.4-100 (99.4)/- 29.55 34.8/21.8/15.6  HKY+I+G 2 Gamma
Overall 16,402/ 951 (5.8%)—  98.7-99.9 (99.3)/- 15.32 32.7/27.4/13.2  TVM+I+G 6 Gamma

Ts/Tv ratio transition versus transversion ratio

were very different from those of mitochondrial genome
tree (Fig. 2); most groupings were collapsed in both con-
trol region and cytochrome b trees.

Divergence times, substitution rates, and population
size changes

The most recent common female ancestor of the global fin
whales existed approximately 9.88 Mya, which is much
younger than 29.86 Mya of modern baleen whales (Fig. 2).
North Pacific fin whales emerged first (7.48 Mya), followed
by a subsequent segregation of Southern Hemisphere (6.63
Mya) and North Atlantic (4.42 Mya). Notably, 1.76 Mya,
some Southern Hemisphere females migrated to the North
Pacific (Fig. 3), and then North Pacific fin whales appeared
1.42 Mya, independently. The mitochondrial evolutionary
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rate of this whale is 1.002x 1073 substitutions/site/My,
which is much lower than 2.252 x 1072 substitutions/site/
My of modern baleen whales. According to the Bayesian
skyline plot (BSP) (Fig. 5), fin whale population size has
increased from about 2.5 Mya to the present day, which
coincides with the Quaternary glaciation stage.

Discussion

Our results indicate a monophyletic origin of fin whale,
which supported its synapomorphic characters such as tall
spout, long back, prominent dorsal fin, and asymmetrical
color pattern. These characters enable distinguishment of
fin whale from three balaenopterid relatives (blue, sei, and
Bryde’s whale). The spout of fin whales is much more
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Fig. 1 Plotting the nucleotide (a) and amino acid (b) differences
throughout the mitochondrial genomes of 125 fin whales. The
number of differences was estimated as the total number of altered
nucleotides at each site compared with the multiple sequence align-

Table 2 Fin whale specific amino acid sequences

Genomic region Specific amino acid

NADH2 L-4, H-80, M-164

COX2 V-218

COX3 L-41

ATPase6 M-29, A-44, T-114, S-188
ATPase8 A-40

NADH4 M-55

NADHS H-23, V-49, K-514

Cytob H-224, 1-238

pointed than that of blue whales, and the prominent dor-
sal fin is positioned more posterior than those of sei or
Bryde’s whales. Most of all, the most distinctive character
of the fin whale is the asymmetrical coloration of their
body. The monophyly of this species was in line with the

ment method. Both nucleotide and amino acid alterations were evenly
distributed throughout the mitochondrial genomes. Especially, higher
amino acid similarities were observed in three genes (COX1, COX2,
and COX3)

presence of its species-specific amino acid sequences in
eight genes: NADH2, COX2, COX3, ATPase6, ATPase8,
NADH4, NADHS, and Cytb.

Next, our phylogenomic study focused on the geographic
influences on the evolution of fin whales. To date, on the
basis of the geographic distribution, many experts have sub-
divided this species into two subspecies, Baleana physalus
physalus Linnaeus, 1758 for Northern Hemisphere and
Baleana physalus quoyi Fischer, 1829 for Southern Hemi-
sphere fin whales (Lonnberg 1931; Lockyer and Waters
1986; Tomilin 1946). Lonnberg (1931) mentioned that there
were significant differences between the vertebral features
of the two subspecies. A few years later, Tomilin (1946)
claimed that the body sizes of Southern Hemisphere whales
are much larger than those from Northern Hemisphere. This
viewpoint was confirmed by Lockyer and Waters (1986),
who conducted morphological examinations using a larger
series of specimens from the North Atlantic and Antarctica.

@ Springer
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Fig. 2 Bayesian maximum
clade credibility phylogenomic
tree on the ground of mitochon-
drial genome sequences of 148
baleen whales. Kogia breviceps
was used as an outgroup. The
data set (16,454 base pairs) was
also analyzed phylogenetically
with BI and ML methods which
showed identical topologies.
The scale bar represents time

in million years before present.

1.00/100 "<
[
1.00/98.6 Balaenopter

Fin whale
1.00/100
Balaenoptera physalus

dae 1

Megaptera novaeangliae

1.00/99.4

1.001100 ]
=

N

1.00/100
1.00/100

Balaenoptera brydei

The robustness of the phyloge-
netic analysis is presented above
the nodes: left numbers are
Bayesian posterior probabilities
(>0.80) and right ones are ML
bootstrap values (>60%)

1.00/100

=

1.00/100

Balaenoptera edeni

N

J00/100

Balaenoptera borealis

1.00/100

00/100

Balaenoptera omurai
Balaenopteridae 2

Balaenoptera musculus

1.00/98.8 1.001100 | —""]
1.00/100 F_ = Balaenoptera acutorostrata
Balaenppteridae 3 Balaenoptera bonaerensis
1.00/100 1.00/100
= Caperea marginata
Neobalaenidae
1.00/100 )
Balaena mysticetus
1.00/100
B Balaenidde | 00/100 Eubalaena australis
Eubalaena japonica
4.0
Kogia breviceps (outgroup)
T T T T T T T 1 Time (My)
30 20 10 0

In their report, the maximum body length of Antarctic fin
whales was about 3—4 m greater than those in the Northern
Hemisphere. Recently, there was an additional suggestion
relating the subspecies classification of fin whale; Clarke
(2004) added a “pygmy” subspecies (B. p. patachonica,
Burmeister, 1865) living in the Southern Hemisphere to the
previous two subspecies. The form is small (approximately
18-24 m) and dark with black baleen. Today, the Society
of Marine Mammalogy accepts these three subspecies: B.
p. physalus Linnaeus, 1758 in the Northern Hemisphere,
B. p. quoyi Fischer, 1829 in the Southern Hemisphere, and
the pygmy fin whale, B. p. patachonica Burmeister, 1865
(2012). However, there was a contradicting article on this
topic, on the basis of mitochondrial genome sequences;
Archer et al. (2013) noted that North Pacific and North
Atlantic fin whales were not the same subspecies. Our
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mitochondrial genome sequences supported that there is a
significant correlation between geographic location and evo-
lution of global fin whales, and indicated that North Pacific
fin whales might be classified into three geographic stocks:
Group 3, Group 4, and a clade within Group 1. Accordingly,
our findings propose six subspecies system of this species:
three from North Pacific and one each from North Atlantic,
Southern Hemisphere, and “pygmy” form. As a note, the
presence of North Pacific clade within the Southern Hemi-
sphere Group 1 revealed that some Southern Hemisphere
females returned to the North Pacific.

Our trees also clearly depict that the fin whale and hump-
back whale (M. novaengliae) are sister group taxa within the
baleen whale lineages. This observation is in line with the
results from cytochrome b (LeDuc and Dizon 2002), con-
trol region (Hatch et al. 2006), and mitochondrial genome
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Fig. 3 Distribution of the fin
whale (B. physalus Linnaeus,
1758) within the Bayesian
maximum clade credibility
phylogenetic tree derived from
complete mitochondrial genome
sequences of 148 baleen whales.
The robustness of the phyloge-
netic analysis is showed above
the nodes: left numbers are
Bayesian posterior probabili-
ties (>0.80) and right ones are
ML bootstrap values (>60%).
Divergence times (in My) are
positioned below the nodes;

the 95% HPD intervals are
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(Dornburg et al. 2011) sequences. Several workers, however,
have disagreed on this matter. Molecular investigators, based
on the control region sequences, reported that fin whale has
stronger affinities to blue whale (Balaenoptera musculus)
than humpback whale (Arnason et al. 1993). Bouetel and de
Muizon (2006), on the grounds of their morphology data,
suggested that fin whale resembles the common minke

T T 1 Time (My)
0

whale (Balaenoptera acutorostrata) more strongly than
other baleen whale species.

Next, we also tried to identify which gene has stronger
phylogenetic signal by comparing 16 individual region
trees with the mitochondrial genome trees. Although con-
trol region (Arnason et al. 1993; Hatch et al. 2006) and
cytochrome b (Arnason and Gullberg 1994; May-Collado
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Fig. 4 The BI tree based on
NADHS sequences of 148 fin
whales. Posterior probabilities
(>0.80) are indicated above
the branches. K. breviceps was
specified as the outgroup

Balaenopterigae| 2

Balaenopteridae 1 1.0

Balaenoptera physalus

1.0 Megaptera novaeangliae
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Fig. 5 BSP on the basis of mitochondrial genome sequences from
125 fin whales. The dark line in the BSP shows the estimated effec-
tive population size through time. The blue area represents the 95%
highest posterior density confidence intervals for this estimate. The
BSP analysis indicated that the fin whale population experienced two
rapid expansion events about 2 and 0.25 Mya during the Pleistocene

and Agnarsson 2006) sequences have been used as a molec-
ular marker for elucidating the Mysticeti phylogeny, our
results indicated that topologies of NADHS tree were the
most closest to those of the mitochondrial genome tree,

@ Springer

Kogia breviceps (outgroup)

rather than control region or Cytochrome b. Accordingly,
we propose that NADHS is the most significant phylogenetic
marker to reconstruct the Mysticeti phylogeny.

On the time of the most recent common female ancestor
of fin whale, our findings indicated that this species is about
9.88 My old. This is much younger than the morphological
character-based ancestor of 16 My old (Gatesy et al. 2013),
while it is much older than other previous reports: 1.94 My
old on the ground of mitochondrial genome (Archer et al.
2013), 7 My old based on mitochondrial genome (Dorn-
burg et al. 2011) and morphological and molecular (Marx
and Fordyce 2015a) evidences. Our estimate for fin whale
was also much younger than 29.86 Mya of modern baleen
whales, which is calculated in this study. Subsequently, we
found that North Pacific fin whales occurred first (7.48 Mya),
and then moved sequentially to Southern Hemisphere (6.63
Mya) and North Atlantic (4.42 Mya). Especially, 1.76 Mya,
some Southern Hemisphere females returned to the North
Pacific, and independent lineage of North Pacific fin whales
seem to appear 1.42 Mya.

The mean evolutionary rate estimated in this study is
1.002 x 1073 substitutions/site/My; this value is lower than
the results from previous fin whale studies, 1.1 X 1072 sub-
stitutions/site/My (Dornburg et al. 2011) and 2.94 x 1073
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substitutions/site/My (Archer et al. 2013). This value is also
lower than our estimate of 2.252 x 10~ substitutions/site/My
for modern baleen whales.

In terms of the effective population size changes of fin
whale, our BSP illustrates that the fin whale population has
experienced rapid increase from ~2.5 Mya to the present
day. This period coincides with the Quaternary glaciation
stage, the “Ice Age”’(Gradstein et al. 2004), which is char-
acterized by repeated glacial cycles. Especially, cooling
water derived from upwelling regime is responsible for the
changes in the ocean ecosystem. Phytoplanktone, the base of
mysticete food change, were fertilized and this high level of
nutrient resulted in population size expansion and gigantism
of fin whale (Marx and Fordyce 2015b; Slater et al. 2017).

Molecular genetic studies are used to infer patterns (of
distribution and migration), population structure change,
and the influences of climate change as well as taxonomic
classification. Especially, to develop conservation and
management strategies, the first important step is to clarify
characteristics of the unique populations at the phenotypic
and genotypic levels (Prystupa et al. 2012). Fin whale (B.
physalus) is listed as Endangered (EN A1d), on the IUCN
Red List of Threatened Species (IUCN 2003) and therefore
understanding the spatial and temporal patterns are essen-
tial to improving their conservation. This is the first study
on temporal and spatial dynamics of the fin whale within
the baleen whale lineages. The present study enhanced our
knowledge of the spatiotemporal dynamics of the fin whales
and could provide useful information for future fin whale
conservation projects.
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