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Abstract

Single nucleotide polymorphisms (SNPs) are rapidly becoming the population genomic markers in addressing ecology, evolution, and
conservation issues for their high capacity to access variability across the genome. We isolated a total of 140 ideal SNPs from the finless
porpoise and used 78 (under Hardy-Weinberg equilibrium) of them to conduct those issues especially for addressing population
genetic differentiation. Bayesian clustering and principal component analyses all suggested that finless porpoises in Chinese waters
could be divided into three distinct genetic groupings. Low levels of within-population genetic variation (mean Hg = 0.3405, standard
deviation =0.1188) and significant differentiation among populations (Fst=0.1050-0.1628, P < 0.01) were confirmed. Limited
gene flow was found especially between the freshwater Yangtze River porpoise and the oceanic Yellow Sea and South China Sea
populations, which strongly suggested that some barriers might have restricted their genetic exchange. These evidences not only
support a recent subdivision of the finless porpoise into two species but also suggest a full species status for the Yangtze finless
porpoise, especially considering the significant genetic divergence between freshwater and marine porpoises, in combination with
the unique distribution of Yangtze finless porpoises in freshwater and their distinctness in physiological and morphological features.
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Genome-wide data sets have the potential to improve the
inference of population parameters and to reliably reconstruct
population demography and evolutionary history.

The finless porpoise, Neophocaena phocaenoides, is one
of the smallest cetaceans inhabiting shallow and often partially
enclosed marine waters along the coasts of southern and
eastern Asia (Reeves et al. 2003). In China, its distribution
covers all Chinese coastal waters and the freshwater
Yangtze River, with the Yangtze finless porpoise as the sole
freshwater population. Gao and Zhou (1993) have noted that

Introduction

Recent theoretical (Morin et al. 2004) and empirical studies
(Seddon et al. 2005; Narum et al. 2008) suggest that the
single nucleotide polymorphisms (SNPs) is becoming particu-
larly useful in evolution, ecology, and conservation, especially
with the accumulation of genomic sequence information
in the past decades. However, application of SNPs in wild
populations addressing ecological or conservation issues is
still limited to a few cases. Until recently, Choi et al. (2007)
have conducted genome-wide SNP discovery projects either

using existing genomic data which are, although very limited,
becoming increasingly available in some non-model organ-
isms, or using basic cloning and sequencing techniques.

there are geographic variations in external morphology
and differences in growth and reproduction pattern among
finless porpoises from different parts of Chinese waters for
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a long period of time, and three populations (or ecological/
morphological forms) from the very beginning: the Yellow Sea
population, the South China Sea population, and the fresh-
water Yangtze River population. Thus, they also regarded
these three populations as respective subspecies (Gao and
Zhou 1995a, 1995b, 1995¢): 1) N. p. phocaenoides is charac-
terized with a wide area of tubercules and more than 10 rows
of denticles on the dorsal surface. This made them being
called “wide-ridge form” or “wide form” as well. This sub-
species has a range not only in the southern part of East China
Sea and the South China Sea but also extends their habitat
along the mainland coast of southern Asia west to the Persian
Gulf (Rice 1998); 2) N. p. sunameri is characterized by a
narrow tuberculed area on the dorsal ridge (“narrow-ridge
form” or “narrow form”) and is found in the northern part
of East China Sea, the Yellow/Bohai Seas, and the waters of
Korea and Japan. This subspecies is regarded as potentially
sympatric with N. p. phocaenoides in the Taiwan Strait; and
3) N. p. asiaeorientalis is also characterized by a similar dorsal
surface with N. p. sunameri but has a distinct distribution in
freshwaters, that is, the middle and lower reaches of the
Yangtze River, including Lakes Poyang and Dongting and
their tributaries, the Ganjiang River and Xiangjiang River
(Rice 1998). Jefferson (2002) examined the geographical var-
iation in cranial morphometrics of the finless porpoise and
suggested that the recognition of two species, a hypothesis
originally proposed by Pilleri and Gihr (1972), might be war-
ranted. Wang et al. (2008) further supported this hypothesis,
which was demonstrated that two morphological forms of
finless porpoises, although sympatric with each other in the
Taiwan Straits, have been reproductively isolated for approx-
imately 18,000 years and thus represented two distinct
biological species as suggested by Jefferson (2002): the
Indo-Pacific finless porpoise, N. phocaenoides, and the
narrow-ridged finless porpoise, N. asiaeorientalis (Pilleri and
Gihr 1972). Wang et al. (2010) further demonstrated that
the two species can be differentiated at sea by direct obser-
vation and examination of high-quality photographs.
However, Jefferson (2002) and Jefferson and Hung (2004)
did not support the further subdivision of the narrow form
into the sunameri (Yellow Sea—Japanese Sea finless porpoise)
and asiaeorientalis (Yangtze finless porpoise) subspecies as
suggested by Gao and Zhou (1995a, 1995b, 1995¢). Wang
et al. (2008) was also unable to answer this question due to
unavailability of the freshwater samples from the Yangtze
River in their study. Molecular markers such as mitochondrial
control region and nuclear microsatellite have been applied to
address genetic diversity, population structure and phylogeo-
graphy of finless porpoises in the past decades (Yoshida et al.
2001; Yang et al. 2002, 2003, 2008; Wang et al. 2008; Chen
et al. 2010), uncovering significant genetic differentiation
among populations. However, inferences about the level of
population genetic variability were not always congruent.
Although mitochondrial haplotype diversity and nucleotide

variability of finless porpoises were overall low compared
with other cetaceans (Yoshida et al. 2001; Yang et al. 2002,
2003, 2008), relatively high levels of genetic variation in nu-
clear microsatellite profiles as shown with Hg (0.732-0.795)
were found comparable with that of some nonendangered
cetacean species (Chen et al. 2010).

When the three populations in Chinese waters were
specially taken into consideration, significant differentiation
was found between either the Yangtze River or the Yellow
Sea population and the South China Sea population, whereas
the differentiation level between the Yangtze freshwater pop-
ulation and the adjacent Yellow Sea population was, albeit
significant, relatively smaller. In addition, although the Yellow
Sea population and the South China Sea population were
regarded to be potentially sympatric in the Taiwan Straits,
combined genetic and morphological evidence suggest little
or no genetic exchange between them, and likely (although
relatively recent) species-level differentiation (Wang et al.
2008). This was further evidenced by Chen et al. (2010)
using microsatellite analyses of a larger size of samples from
Chinese coastal waters and the freshwater Yangtze River,
which revealed no or very limited gene flow among subspe-
cies or morphological forms even in the overlapping areas.
However, an inference from genome-wide analyses of genetic
diversity would be less subject to the inherent biases due to
individual or small number of loci such as mtDNA control
region and microsatellite, and thus will reflect more accurate
overall pattern of genetic variation in the finless porpoise.

In this study, we developed a series of SNP loci via random
whole-genome “shotgun” sequencing technique (Staden
1979) and a targeted gene approach (e.g., CATS, Aitken
et al. 2004). We finally chose a total of 140 SNPs to genotype
202 individuals representing 15 sample sites from a relatively
wide geographic range across Chinese coastal waters and the
Yangtze River. We used the resultant data sets to address
genetic diversity and population structure of finless porpoises
at the genomic level. This genome-wide picture of standing
variation can certainly provide broader understanding of the
taxonomic status of Neophocaena populations, and more
importantly in assessing conservation priority and designing
conservation programs for this highly endangered species.

Materials and Methods

Sample Collection and DNA Isolation

Two hundred and two tissue samples of finless porpoises col-
lected from the middle and lower reaches of the Yangtze River
and the coastal China seas were available for this study (fig. 1
and table 1). Because all the finless porpoise specimens ana-
lyzed in this study were killed incidentally in fishing nets or
were found stranded between 1979 and 2009, no ethical
approval is necessary in such a case. We collected these sam-
ples from 15 sites, with 1 to 72 specimens in each site.
Although there were only very few specimens in some sites,
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Fic. 1.—Schematic map showing finless porpoises sampled in this study, with sample size for each locality shown in table 1. Sampling locality
abbreviations are as follows: WH (Wuhu); CGZ (Caoguzhou); NJ (Nanjing and Jiangpu); YZ (Yizheng); ZJG (Zhangjiagang); SH (Shanghai or Yangtze
River mouth); CMD (Chongmingdao); DL (Dalian); LS (Lusi); HZ (Hangzhou); ZS (Zhoushan); NB (Ningbo); PT (Pingtan); DS (Dongshan); and BH (Beihai).

the total sample sizes for the three major geographic regions
of finless porpoises in China were moderately large (30 in the
Yangtze River, 70 in the Yellow/Bohai Sea, and 102 in the
South China Sea). Voucher specimens were preserved in
Jiangsu Key Laboratory for Biodiversity and Biotechnology,
College of Life Sciences, Nanjing Normal University. Total ge-
nomic DNA from muscles or skeleton samples was extracted
by using the DNeasy tissue kit (Qiagen) following the manu-
facturer’s instruction.

SNP Screening and Genotyping

We used a shotgun library as the major approach for produc-
ing SNPs in the finless porpoise. Seven hundred twenty

colonies were screened, 502 of which were sequenced on
an ABI PRISM 3730 automated DNA sequencer (Applied
Biosystems). Two hundred ninety sequences of sufficient
length and ideal quality if in both directions were chosen for
designing primers (Li et al. 2009). In addition, we also used a
total of 202 CATS (comparative anchor tagged sequences)
primers to discover SNPs following the methods described in
Aitken et al. (2004). The targeted gene approach was used
to amplify a less conserved region (e.g., an intron or 3’-UTR)
with primers designed from conserved regions of aligned
genes of at least two species (e.g., mouse and human)
(Lyons et al. 1997). The advantages of this approach include
wide, current availability of primers, knowledge of the gene

760  Genome Biol. Evol. 5(4):758-768. doi:10.1093/gbe/evt046 Advance Access publication April 5, 2013



Genome-Wide SNP of Finless Porpoises

GBE

Table 1
List of Sampling Sites of Finless Porpoises Examined in This Study
Geographical Region Sample Sample Sample
Site No. Site Name Size
Yangtze River (30/7)
Anhui Province 1 Wuhu 1
2 Caoguzhou 2
Jiangsu Province 3 Nanjing 22
4 Yizheng 2
5 Zhangjiagang 1
Shanghai City 6 Chongming Island 1
7 Yangtze River 1
mouth waters
Yellow/Bohai Sea (70/5)
Liaoning Province 8 Dalian 1
Jiangsu Province 9 Lusi 50
Zhejiang Province 10 Hangzhou 1
11 Ningbo 16
12 Zhoushan 2
South China Sea (102/3)
Fujian Province 13 Pingtan 72
14 Dongshan 24
Guangxi Province 15 Beihai 6

Note.—The values in the parenthesis refer to the total number of samples in
the region/number of sample sites in that region.

ortholog in which the SNPs are found, which could be useful
for potentially broad application over a group of species with
less per-sequence initial effort to find SNP loci than might be
required using a random sequence approach (Aitken et al.
2004).

We selected primers (from shotgun library or CATS
method) yielding a single polymerase chain reaction (PCR)
product for amplification in 24 individual DNA samples
(eight specimens from the Yangtze River, the Yellow/Bohai
Sea, and the South China Sea). We selected optimal SNPs
for further genotyping and characterization by the frag-
ment length discrepant allele-specific PCR (FLDAS-PCR)
scored on a L-COR 4300 DNA Analyzer (LI-COR
Biosciences) (Li et al. 2009) according to a variety of practical
factors, such as whether sufficient flanking sequences
were available for primer design and whether the designed
primers could genotype individuals very well (Morin et al.
2007).

Data Analysis
Genetic Variation and Population Differentiation

To assess how SNP diversity varied among different geo-
graphical regions, we grouped three populations according
to their sampling localities (fig. 1 and table 1) and calculated
the average expected (Hg) heterozygosities and the within-
population fixation index (F). Large allele dropout or stutter-
ing was detected with MICRO-CHECKER utility (van

QOosterhout et al. 2004). We also tested population depar-
ture from Hardy—Weinberg equilibrium (HWE). Whenever
pertinent, the significance of P values was adjusted follow-
ing Bonferroni sequential corrections for multiple simulta-
neous statistical tests (Rice 1989). These parameters were
calculated with GENEPOP v3.4 (Raymond and Rousset
1995). The difference between populations was calculated
using Arlequin v3.1 (Excoffier et al. 2005) exact test of pop-
ulation differentiation of pairwise weighted mean Fsr (Weir
and Cockerham 1984).

Population Demography Inference

We tested for recent population bottlenecks in the three
finless porpoise populations using BOTTLENECK v1.2.02
program (Piry et al. 1999). To determine whether a population
exhibits a significant number of loci with heterozygosity
excess, BOTTLENECK proposes three tests: Sign test,
Standardized differences test, and Wilcoxon sign-rank test.
The allele frequency distribution is established to see whether
it is approximately L shaped (as expected under mutation-
drift equilibrium) or not (recent bottlenecks provoke a mode
shift).

Bayesian Analysis with STRUCTURE

We used STRUCTURE v2.0 (Pritchard et al. 2000) for searching
for the occurrence of independent populations (clusters, K) in
the data set. This approach avoids a priori population classifi-
cations, and instead estimates the shared population ancestry
of individuals based solely on their genotypes assuming HWE
and linkage equilibrium in ancestral populations. Calculations
were conducted under the admixture model and the assump-
tion of correlated allele frequencies (F-model), with a burn-in
of 100,000 followed by 1,000,000 iterations. We set the
number of populations, K, from 1 to 8. Ten independent
runs of the Markov chain were performed for checking
the convergence of the chain and homogeneity among runs
for each K. The true number of populations (K) was usually
identified using the maximal value of In Pr (X|K) [L(K)] returned
by structure (Pritchard et al. 2000). However, Evanno et al.
(2005) observed no clear mode of the distribution of L(K)
for the true K, whereas they found that an ad hoc quantity
based on the second order rate of change of the likelihood
function with respect to K (AK) did show a clear peak at the
true value of K.

To examine recent migration among populations and
for comparisons with the historical migration estimated
under the coalescent, we conducted assignment tests on
the SNP genotypes in a separate STRUCTURE run based on
the value of K resulting from model selection. We allowed
for detection of migrants up to four generations before pre-
sent (option GENSBACK =4). To ensure a strong statistical
support for any inference of mixed ancestry, we further set
MIGRPRIOR =0.1.
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Principal Component Analysis

Principal component analysis (PCA) has similar power to
detect population structure as STRUCTURE (Patterson et al.
2006). In addition, an estimation of the maximal number of
subpopulations that can be found within a data set was
achieved by determining the number of statistically significant
principal components (PCs). For the 202 finless porpoises,
genotypes were coded as —1, 0, or 1. PCs and PC variances
were calculated from the singular value decomposition using
R 3.0.0 (http://cran.r-project.org/binwindows/base/).

Results

SNP Discovery and Genotyping Success

A total of 138,434 bp high-quality genomic sequences from
CATS and shotgun libraries were screened and used to detect
SNPs, with 380 SNPs found at 168 loci, equivalent to the mean
value of one SNP per 364 bp. We also identified 51 ideally
amplified SNPs from the 55 CATS primer pairs (with a total
length of 28,107 bp), showing an average frequency of one
SNP every 551 bp. The density was lower within the nuclear
introns than that within the randomly cloned “shotgun”
sequences (1/335bp). We then chose a subset of approxi-
mately 228 optimal SNPs for the genotyping assay and
58 of them failed to amplify consistent products, whereas
19 yielded monomorphic profiles in the samples (i.e., <1%
frequency of the minor allele), 11 produced predominantly
heterozygote-like signals most probably due to hypervariable
features or co-amplification of duplicated genes, and the

0.16

remaining 140 (61%) were polymorphic and were successfully
genotyped in more than 97% of the sampled individuals.

Genetic Diversity and Population Differentiation

All the 140 SNP loci were found highly polymorphic in finless
porpoises. No more than two nucleotides could be detected
per SNP, and accordingly the mean number of alleles per
polymorphic locus (A) per population ranged from 1 to 2
with a mean value of 1.52. Approximately 99% SNPs had
an overall frequency equal to or greater than 0.10 (fig. 2)
and thus were considered common SNPs. As shown in
table 2, the overall genetic diversity (i.e., considering all poly-
morphic SNPs together) expressed by the average observed
heterozygosity Ho ranged from 0.2326 to 0.2920 among
populations with a grand mean of 0.2609 (standard deviation
[SD]=0.1190). Average unbiased He was generally higher
than Ho and ranged from 0.3116 to 0.3602 per population
with a grand mean of 0.3405 (SD=0.1188). The average
value of Hg was lower than Hg and the average Fs=0.1840
was significantly positive (P < 0.05, table 2), indicating that
there were fewer heterozygotes than expected in the total
sample (table 2). After sequential Bonferroni correction (Rice
1989), we found that all three population units showed sig-
nificant deviations from HWE in 62 loci, which would be ruled
out for the subsequent detection (supplementary table ST,
Supplementary Material online). Micro-Checker assessment
for all of the isolated loci indicated that there were no scoring
errors attributable to stuttering or large allele dropout, which
suggested there were some other reasons might cause devi-
ation from HWE. One of the reasons is probably the loss of

proportion of SNPs
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Fic. 2.—Allele frequency distribution at 140 SNP loci in 202 finless porpoises.
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Table 2
Genetic Diversity Parameters for Three Finless Porpoise Populations Based on 140 Polymorphic SNP Loci
Population n A? (SD) AP (sD) Ho® (SD) He® (SD) Fs®
Yangtze River 30 1.9929 (0.0845) 0.0845 (0.2920) 0.2920 (0.1471) 0.3402 (0.1280) 0.1475
Yellow/Bohai Sea 70 2.0000 (0.0000) 1.5686 (0.2847) 0.2869 (0.1614) 0.3602 (0.1251) 0.1568
South China Sea 102 2.0000 (0.1200) 1.5128 (0.3008) 0.2326 (0.1457) 0.3116 (0.1409) 0.2537
Total 202 2.0000 (0.0845) 1.5938 (0.2745) 0.2609 (0.1254) 0.3405 (0.1188) 0.1840

®Mean number of alleles.

PEffective number of alleles.

“Observed heterozygosity.

9Expected heterozygosity (H).

®Fixation index (Fs).
Talble .3 A . 16000]- e
Pair-Wise Fsr Comparisons (below Diagonal) and Relevant P Values —ite—=infll) 1200

- . : : 15800 —»— AK
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Porpoises in Chinese Waters 15,600 - J1s0
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South China Sea 0.1628 0.1151 14800]- 1350
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L] E— - 40
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heterozygotes, which may be explained by the habitat frag-
mentation leading to further division of each population into
small subpopulations causing an increase of homozygotes due
to genetic drift and endogamy. As each population was sam-
pled from several localities, with small numbers of individuals
in some localities, different allele frequencies in the popula-
tions would cause a Wahlund effect, which might also result
in deviations from expectation (Wahlund 1928).

Pairwise population divergence (Fsy) was low between the
Yangtze River and Yellow Sea populations (Fst=0.1050,
P <0.0001), whereas the largest divergence was found
between the Yangtze River and South China Sea populations
(Fst=0.1628, P<0.0001) (table 3). Divergence in SNP fre-
guencies among present-day populations was low but signif-
icant, and showed a multimodal distribution, suggesting the
presence of higher order genetic structure.

Bottleneck Detection

To detect whether the finless porpoises in Chinese Waters
have experienced a population reduction in size, we detected
excess heterozygosity in a population at mutation-drift equi-
librium (Heq) under the following two models of mutation:
the IAM and the SMM by using the program BOTTLENECK.
Three populations showed significant (P < 0.05) heterozygos-
ity excess under all the two models as an indication of recent
demographic contraction.

Population Structure

We used the total sample set, 78 loci (under HWE) and
K= 1-8, Bayesian analysis of population structure generated

Fic. 3.—Magnitude of AK as a function of K (mean+SD over 10
replicates) calculated by using the L(K) [the log-likelihood value; In Pr (X/K)].
The real number of groups is best detected by the highest value of AK, a
quantity based on the second-order rate of change with respect to K of the
likelihood function.

a maximum probability of the data with K=7, but the modal
value of AK was at K=3 (fig. 3). Samples from Chinese
waters were separated into three distinct clusters, which indi-
cated that the individuals examined were most likely to be
divided into three genetically distinct groups. All individuals
from the Yangtze River were grouped into a single cluster.
The second cluster contained mostly the individuals from
the Yellow/Bohai Sea and the East China Sea, whereas the
third was mainly comprised of the South China Sea samples
from Dongshan, Pingtan, and Beihai (fig. 4). As shown in
figure 4, individuals from the Yangtze River and the Yellow/
Bohai Sea were almost grouped together with some admix-
ture between the South China Sea clusters. We also con-
ducted a PCA on the population allele frequencies, which
also revealed three major clusters (fig. 5) broadly consistent
with assignments in the above STRUCTURE analyses. It implied
the highest variation between Yellow Sea and South
China Sea samples, since these were placed at opposite
ends of PC1, which harbored 15.98% of the variation
(fig. 5). PC2 split samples from Yangtze River and Yellow
Sea clusters and explained 5.77% of the variation found in
the data set (fig. 5).
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Fic. 4.—Estimated population structure for finless porpoises in Chinese waters. Sampling locations are labeled in numbers below the figure. Each
individual of those populations is represented by a vertical line, which is partitioned into K colored clusters representing the individual's estimated membership
fractions. K= 3 was shown based on the AK described in Evanno et al. (2005) and the colors for it correspond to colors used in PCA (fig. 5). 1, Wuhu; 2,
Caoguzhou; 3, Nanjing; 4, Yizheng; 5, Zhangjiagang; 6, Chongmingdao; 7, Yangtze River mouth; 8, Dalian; 9, Lusi; 10, Hangzhou; 11, Ningbo; 12,

Zhoushan; 13, Pingtan; 14, Dongshan; 15, Beihai.
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Fic. 5.—PCA showing all the individuals based on the 78 SNP loci.
Plotting PC1 against PC2 revealed three major geographical groups
(populations).

However, both clustering analyses all showed some admix-
ture between populations. Three individuals from Nanjing and
the Yangtze River mouth waters were also found in the
Yellow Sea population cluster with a probability of more
than 60.0% (table 4). In addition, one individual from
Zhoushan and two others from Lusi of the Yellow Sea were
found intermixed with the South China Sea samples. More
individuals (n=30) collected in the South China Sea were
genetically assigned to the Yellow Sea cluster. Especially,
29 of 72 individuals from Pingtan, which is generally regarded
as the overlapping area of two finless porpoise forms (i.e.,
wide form and narrow form), were identified to be intermixed
with those individuals from the Yellow Sea population. In
total, 36 individuals were identified as migrants between
populations.

Of the 36 migrants detected using STRUCTURE, 31 were
further identified as first-generation migrants which all
had a probability of 1.0 except for two samples that had
pure ancestry proportion of the Yellow Sea population
and a probability of less than 0.9 (P=0.702), whereas three
were identified as second- to fourth-generation migrants
but all of those had very low probabilities (0.434, 0.505,
and 0.513, respectively, for the second, third, and fourth
generation). This provided weak evidence that these later

764 Genome Biol. Evol. 5(4):758-768. doi:10.1093/gbe/evt046 Advance Access publication April 5, 2013



Genome-Wide SNP of Finless Porpoises

GBE

Table 4

Bayesian Clustering Analysis of Finless Porpoises Performed Using STRUCTURE (Pritchard et al. 2000) with the Total Sample Set (202 Samples; 78

SNP Loci; and 15 Sampling Locations)

Locality Proportion of Membership for K=3

Cluster 1 Cluster 2 Cluster 3
Wuhu (1) 0.100 (1) 0.000 (0) 0.000 (0)
Caoguzhou (2) 0.908 (2) 0.092 (0) 0.000 (0)
Nanjing (22) 0.889 (20) 0.090 (2) 0.021 (0)
Yizheng (2) 0.981 (2) 0.011 (0) 0.008 (0)
Zhangjiagang (1) 0.938 (1) 0.013 (0) 0.049 (0)
Chongmingdao (1) 0.868 (1) 0.103 (0) 0.029 (0)
Yangtze River mouth (1) 0.067 (0) 0.690 (1) 0.243 (0)
Dalian (1) 0.138 (0) 0.854 (1) 0.008 (0)
Lusi (50) 0.081 (0) 0.872 (48) 0.047 (2)
Hangzhou (1) 0.149 (0) 0.837 (1) 0.014 (0)
Ningbo (16) 0.016 (0) 0.970 (16) 0.014 (0)
Zhoushan (2) 0.085 (0) 0.314 (1) 0.601 (1)
Pingtan (72) 0.031 (0) 0.302 (29) 0.667 (43)
Dongshan (24) 0.050 (0) 0.074 (1) 0.876 (23)
Beihai (6) 0.017 (0) 0.133 (0) 0.850 (6)

Note.—The posterior probability of the number of populations in the sample set was maximum with K=3 as prior population information based on the STRUCTURE
analysis. The table shows the proportion of membership of each sampled site in each of three inferred clusters. The values in the parentheses refer to the number of samples

in each locality or in the relevant cluster.

generation migrants might be hybrids between different
populations due to recent migration.

Discussion

Genome Scans in Finless Porpoises

In this study, we isolated a series of SNP markers by utilizing
shotgun library approach (Staden 1979) and CATS method
(Aitken et al. 2004; Li et al. 2009), both of which have been
considered as efficient mechanisms for SNP discovery at the
whole-genome level. 380 SNPs were found from 138,434 bp
of high-quality sequences, with a frequency of one SNP per
364 bp, which was of the same order of magnitude as those in
human (1/300-1,000 bp; International SNP Map Working
Group 2001) and wolf (1/306bp; Seddon et al. 2005).
However, the present SNP density is higher than the corre-
spondent value of approximately 1/1,500 bases in the dog
(Kirkness et al. 2003) and lower than the observed value
in the eastern fence lizard (4.4/100bp; Rosenblum and
Novembre 2007). This is not very surprising because differ-
ences in SNP density may occur as a result of detection
method and species specificity (Brumfield et al. 2003), and
is also obviously dependent on the samples used for SNP
discovery.

The present estimate of genetic diversity with SNPs revealed
an average observed heterozygosity of Hg =0.3405+0.1188.
This value was much lower than those estimated with micro-
satellite markers (Hg=0.732-0.795) (Chen et al. 2010).
However, such a direct comparison of heterozygosity

estimates between different markers can be misleading con-
sidering that SNPs have their own distinctiveness such as
diallelic nature and relatively low mutation rates (1078107°;
Brumfield et al. 2003). In contrast with the differences
between markers in the same species, the present average
He in the finless porpoise fell in the similar range of those
observed in other species such as humans (Hg=0.199-
0.493, Beaty et al. 2005), white spruce (Hg=0.266-0.274,
Namroud et al. 2008), and so forth. One reason which
might cause deviation from HWE is probably due to the
loss of heterozygotes, which might be explained by the
habitat fragmentation leading to further division of each pop-
ulation into small subpopulations causing an increase of
homozygotes due to genetic drift and endogamy. As each
population was sampled from several localities, with small
numbers of individuals in some localities, different allele
frequencies in the populations would cause a Wahlund
effect, which might also result in deviation from expectation
(Wahlund 1928).

Bayesian clustering and PCA all revealed significant struc-
ture in the finless porpoise in Chinese waters. Especially,
the STRUCTURE analysis provided strong support for the
subdivision of finless porpoises in Chinese waters into genet-
ically differentiated populations, subspecies or species as
suggested in previous studies (Gao and Zhou 1995a, 1995b,
1995¢; Yang et al. 2002, 2003, 2008; Chen et al. 2010).
Moreover, STRUCTURE analysis with GENSBACK =4 and
MIGRPRIOR=0.1 also suggested little evidence of genetic
exchange even in the sympatric area of the Yellow Sea
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population and the South China Sea population (e.g., Pingtan
of the Taiwan Straits). Significant Fsr values ranging from
0.1050 between the Yangtze River population and the
Yellow Sea population to 0.1628 between the Yangtze
River population and the South China Sea population further
supported that these populations might have been genetically
isolated especially between the freshwater and marine por-
poises, which were overall comparable with those reported
with mitochondrial DNA and nuclear microsatellite markers
(Yang et al. 2002, 2003, 2008; Chen et al. 2010).

Potential Demographic History of Finless Porpoises in
Chinese Waters

Predicting the genetics consequences of small population
size has been one of the major tasks of conservation biology,
because a reduction can result in inbreeding, loss of genetic
variation and fixation of deleterious alleles, and thereby
decrease the evolutionary potential and increase the probabil-
ity of population extinction (Maudet et al. 2002). The effects
of population bottlenecks are directly related to the increase
of stochastic events associated with small population size.
Our data exhibit a heterozygosity excess than a heterozygosity
deficiency under the IAM and the SMM models of mutation.
This indicated that the finless porpoise in Chinese waters had
encountered a recent population bottleneck. Since the
Pleistocene of the Quaternary Period, the marine environment
of coastal China has changed dramatically, along with the
periodical change of global climatic condition, and the
advance and retreat of glacier (Jin 1985). As discussed in pre-
vious studies (e.g., Yang et al. 2008), in the climax of the Dali
Ice Age, the continent shelf in the Yellow/Bohai Seas, the East
China Sea, and the majority of the South China Sea were
exposed. In addition, the finless porpoise inhabits the coastal
waters and thus could be easily influenced by various human
activities, such as directed and/or incidental catches, habitat
degradation caused by water contamination, and so forth.
These geological events and anthropogenic disturbance
might have some impacts on the finless porpoises resulting
in a natural population bottleneck. Furthermore, limited
sample sizes in some populations used in our study may also
have affected the detection of recent population declines.
Further studies with more systematic sampling and larger
sample size are urgently needed.

Taxonomic Implications and Conservation
Recommendations Especially for the Yangtze
Finless Porpoise

Traditionally, the finless porpoise (genus Neophocaena) was
widely recognized as comprising a single species, although
distinct morphological forms of this species have been
known for some time (Wang 1992). Three subspecies have
been identified based upon external morphology, cranio-
metrics, and distribution (Gao and Zhou 1995a, 1995b,

1995¢; Rice 1998). Moreover, recent studies all supported
the hypothesis originally proposed by Pilleri and Gihr (1972)
who suggested that the “wide” (phocaenoides) and
“narrow” forms were differentiated enough to warrant
separate species status; however, the further subdivision of
the “narrow” form into the asiaeorientalis and sunameri
subspecies was not supported (Jefferson 2002; Jefferson
and Hung 2004; Wang et al. 2008, 2010).

In a very recent study, Chen et al. (2010) not only sup-
ported the significant genetic differentiation between the
wide-ridged (N. phocaenoides) and narrow-ridged (N. asiaeor-
ientalis) finless porpoises as suggested by Wang et al. (2008)
but also provided evidence for the further subdivision within
narrow-ridged form of the finless porpoise. The earlier find-
ings were further corroborated from a genome-wide analysis
of SNPs in this study. The STRUCTURE, PCA, and AMOVA
analyses (figs. 3-5; table 3) all supported significant genetic
divergence not only between two marine populations
overlapping in the Taiwan Straits but also between the
Yellow/Bohai Sea and the Yangtze freshwater population.

Although the Fst value between the Yangtze River popu-
lation and the Yellow Sea population was relatively lower than
any other population-pair comparison (all having the same
level of statistical significance), limited gene flow was found
especially between the freshwater and the marine porpoises,
which suggested that some barriers might have restricted their
genetic exchange. Now that the South China Sea population
and the Yellow Sea population have been regarded as genet-
ically differentiated species, the Yangtze finless porpoise,
having a significant genetic variation and limited gene flow
between the oceanic populations, in combination with its
unique distribution in the Yangtze River and physiological
(Ni and Zhou 1988) and morphological (Gao and Zhou
1995a, 1995b, 1995¢) distinctness, should also be given sep-
arate species status. It is noteworthy that although Jefferson
(2002) and Jefferson and Hung (2004) did not find convincing
morphological evidence to differentiate populations within
the narrow form, Gao and Zhou (1995a, 1995b, 1995c¢)
could reliably distinguish the Yangtze finless porpoise from
other populations with stepwise discriminant analysis of skel-
etal morphology. This illustrates the necessity to further exam-
ine morphometrics to reveal potential distinctive diagnostic
features of the Yangtze finless porpoise.

The Yangtze finless porpoise is the sole freshwater-adapted
porpoise population. Recent surveys indicated that this popu-
lation decreased in size to approximately 1,000 individuals
(Wang et al. 2006), less than half the 1990s’ level (Zhang
et al. 1993). Population viability analysis also suggested that
this population will go extinction in 100 years if no effective
protection is taken (Zhang and Wang 1999). The finless
porpoise was listed as “vulnerable” on the IUCN “red list”
database of the endangered species, and the Yangtze River
population was even characterized as “endangered” due to
its apparent decline in wild population size (Reeves et al.
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2008). The conservation of the Yangtze finless porpoise has
attracted worldwide attention especially along with the near-
extinction of the Baiji that is sympatric with the Yangtze finless
porpoise in the middle and lower reaches of the Yangtze
River. The Chinese government is now considering to upgrade
the conservation rank of the finless porpoise from the current
National Il to National I. Obviously, the discovery of the signif-
icant genetic differentiation revealed that the use of a
genome-level marker provide an important basis not only
for reconsidering its taxonomic status, but also more impor-
tantly for enhancing its conservation. The Yangtze finless
porpoise represents an important component not only of
the finless porpoise but also of the Yangtze freshwater biodi-
versity. Its extinction will be a sign of the disappearance of
a distinct aquatic mammal species that has special adaptation
to the freshwater environment. Thus, it is urgently recom-
mended to raise its conservation priority and design some
special programs for this population or species in the very
near future.

Future Outlook

This study represents a successful development and applica-
tion of SNPs in population biology and conservation of
an endangered aquatic mammal. We isolated a series of
genome-wide SNPs to provide novel insights into genetic
diversity, population structure, and genetic divergence of
finless porpoises.

However, considering current technical limitations and
laboratory difficulties studying nonmodel organisms with
SNP, only a relatively small number of SNPs were available in
this study. In the future, we will still need to detect more loci
for a finer resolution of population and conservation genetics
of finless porpoises, especially when the next-generation
sequencing methods become available, and comprehensive
SNP data sets is becoming an efficient and cost-effective
genetic tool. Although a SNP panel has been identified from
some functionally known genes, more such SNPs are still
necessary to give us a comprehensive understanding of
population structure, adaptive divergence, and some other
associated genetic studies of finless porpoises in the future.

Supplementary Material

Supplementary table ST is available at Genome Biology and
Evolution online (http:/Avww.gbe.oxfordjournals.org/).
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