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ABSTRACT: The Lanyu pig is an indigenous min-
iature pig breed on Lanyu Islet near Taiwan, with a 
mitochondrial DNA genetic lineage remote from Asian 
and European pig breeds. The unknown population 
genetic structure and increased inbreeding among the 
small population of conserved Lanyu pigs is now of 
great conservation concern. Additionally, the presence 
for more than a century of exotic pig breeds in Taiwan 
has made gene introgression from exotic pig breeds into 
Lanyu pigs very possible. The present study thus aimed 
to investigate nuclear genetic variation within the con-
served Lanyu pigs and the phylogenetic relationship 
and possible genetic introgression between Lanyu and 
exotic pig breeds by determining the polymorphism of 
19 microsatellite loci. In the neighbor-joining tree con-
structed from 7 pig breeds based on Cavalli-Sforza and 
Edward chord genetic distances, 3 major clades were 

recognized, in which the Asian and European breeds 
were separately clustered into 2 clades with a 93.0 and 
99.9% bootstrap confidence value, respectively. All in-
dividuals of the Lanyu breed formed a unique subclade 
within the Asian clade based on the distance of the pro-
portion of shared alleles, −ln(ps), suggesting that the 
Lanyu breed possesses a unique nuclear genetic struc-
ture and that no nuclear gene introgression from exotic 
breeds into the conserved Lanyu pigs has occurred in 
recent history. Fifteen of 19 microsatellite loci devi-
ated from Hardy-Weinberg equilibrium (by Wright’s 
statistic), suggesting a significant loss of heterozygos-
ity in the conserved population. The valuable nuclear 
genetic structure and phylogenetic information should 
assist future conservation and population management 
of Lanyu pigs.
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INTRODUCTION

The Lanyu pig is an indigenous miniature pig breed 
from Lanyu Islet, off southeast Taiwan, with a char-
acteristic small body, narrow and straight head, small 
erect ears, and coarse black hair. Its phenotype dif-
fers from the domestic Asian and European pig breeds 
(Cheng, 1986). For the conservation of Lanyu pigs and 
to develop a laboratory pig stock, 2 herds of Lanyu 

pigs were moved from Lanyu Islet to Taiwan, to the 
National Taiwan University (NTU) teaching farm in 
1975, and to the Taitung Animal Propagation Station 
(TAPS) in 1980 (Chyr et al., 2001). Both herds were 
allowed panmixia from 1975 to 2004. Only 2 mitochon-
drial DNA haplotypes have been identified in all 44 
heads of conserved Lanyu pigs: the type I Lanyu mi-
tochondrial DNA (mtDNA) sequence is distinct from 
Asian and European breeds, whereas type II shows 
some intermediate features (Wu et al., 2007). The nu-
clear genetic structure within conserved Lanyu pigs re-
mains unknown.

Many exotic pig breeds were introduced into Taiwan 
to improve the production performance of local pigs, 
by colonizers from 120 to150 yr ago and by the Taiwan 
government in more recent times (Chyr et al., 2001). 
The Taoyuan breed was introduced from southern Chi-
na into Taiwan around 1877. The Berkshire breed was 
imported from Japan in 1898. The Taiwan Livestock 
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Research Institute (TLRI) introduced the Hampshire 
and Yorkshire breeds in 1948, whereas the Landrace 
and Duroc breeds were imported by the Taiwan Sugar 
Corporation in 1960. Most recently, the Meishan breed 
was introduced from Japan by TLRI in 1994. Because 
most of those exotic breeds were introduced before the 
conserved Lanyu pigs were first reared in isolation, it is 
possible that some introgression of nuclear genes from 
exotic breeds into conserved Lanyu pigs has occurred.

Although the mitochondrial phylogenetics have been 
recently determined (Jiang et al., 2008), it remained 
of interest to determine whether the Lanyu breed pos-
sesses a unique nuclear genetic structure that matches 
that seen in the mitochondrial genome and to identify 
whether nuclear DNA from exotic breeds had intro-
gressed into the conserved population of Lanyu pigs. 
A thorough investigation of the phylogenetics of this 
conserved Lanyu pig population was necessary for their 
future population management and to avoid further in-
breeding.

MATERIALS AND METHODS

The animal research protocols conformed to those 
approved by the National Taiwan University Animal 
Care and Use Committee. 

Blood Sample Collection and Genomic  
DNA Purification

Ten milliliters of each whole blood sample from all 
44 conserved Lanyu pigs were collected (5 from NTU 
and 39 from TAPS) via venipuncture of a jugular vein. 
The exotic pig blood samples, from 36 Taoyuan, 35 
Meishan, 32 Landrace, 31 Yorkshire, 32 Duroc, and 30 
Berkshire animals, were obtained from TLRI. Genomic 
DNA was extracted and purified from collected blood 
samples with QIAamp DNA Blood Maxi Kit (Qiagen, 
Valencia, CA; Ko et al., 2001). For this paper, the term 
“European pig breeds” comprises the Berkshire, Du-
roc, Landrace, and Yorkshire breeds, whereas the term 
“exotic Asian breeds” is used here for the Meishan and 
Taoyuan breeds.

Microsatellite Genotyping

Nineteen microsatellite paired primers randomly 
located on 15 chromosomes, as recommended by the 
Domestic Animal Diversity Information System of the 
Food and Agriculture Organization of the United Na-
tions, were chosen for genotyping (FAO, 2004; Table 
1). The primers used for genomic DNA amplification 
were fluorescent end-labeled with carboxyfluorescein, 
tetrachlorofluorescein phosphoramidite, or hexachloro-
fluorescein phosphoramidite fluorescent dye. The frag-
ments of microsatellite DNA in the genome were ampli-
fied by the PCR (PTC-200 Thermal Controller, M. J. 
Research, Waltham, MA) in 15-μL reaction volumes 
with 50 ng of genomic DNA, 1.5 μL of 10 × PCR buf-

fer, 0.375 μL of 8 mM deoxynucleoside triphosphate, 
4.5 pmol sense and antisense primers, and 0.6 units of 
DNA Taq polymerase (Amersham Biosciences, Arling-
ton Heights, IL). The thermal cycling conditions were 
as follows: an initial 95°C for 5 min, then 37 cycles at 
95°C for 30 s, 48 to 62°C for 30 s (depending on the 
locus), and 72°C for 45 s, with a final extension at 
72°C for 7 min. The PCR products were resolved by 
electrophoresis with a MegaBACE 1000 DNA sequenc-
er (Amersham Biosciences). The fluorescent-labeled 
marker ET-400 (Amersham Biosciences) was used as 
an internal size standard for length calibration. Allele 
sizes were determined using Genetic-Profiler software 
(version 2.2; Amersham Biosciences).

Data Analysis

The Cavalli-Sforza and Edward chord genetic dis-
tances (Cavalli-Sforza and Edwards, 1967) between 7 
breeds were obtained by the PHYLIP program package 
(version 3.6; University of Washington; http://evolu-
tion.genetics.washington.edu/phylip/getme.html; 
Felsenstein, 2006). Nei’s DA genetic distance between 7 
breeds was obtained by a microsatellite analyzer (MSA; 
Dieringer and Schlötterer, 2003). Nei’s 
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distance within the 44 conserved Lanyu pigs and 196 
individuals of 6 exotic breeds were determined by MSA. 
Allele frequencies at each locus, expected heterozygos-
ity, and observed heterozygosity in conserved Lanyu 
pigs were calculated using CERVUS software (version 
2.0, Field Genetics Ltd., Edinburgh, UK;  Marshall et 
al., 1998). The GENEPOP (Genes in Population, ver-
sion 3.4b, The Laboratiore de Genetique et Environ-
ment, Montpellier, France) software package (Raymond 
and Rousset, 1995) was used to calculate Wright’s F-
statistic (fixation indices, FIS) and to test for deviation 
from Hardy-Weinberg equilibrium (HWE). It was 
found that FIS was used to determine the reduction in 
heterozygosity in an individual within conserved Lanyu 
pigs. The fixation indices (FST) as determined by MSA 
were used to determine genetic diversity among the 7 
breeds. The effective number of alleles was estimated 
according to the formula of Kimura and Crow (1964). 
The neighbor-joining tree for the 7 breeds based on 
Cavalli-Sforza and Edward chord genetic distance was 
constructed using the PHYLIP (version 3.66) software 
package. Bootstrap values of 1,000 replicates were ob-
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tained to test the robustness of the tree topology. 
MEGA3.1 (Molecular Evolutionary Genetics Analysis; 
Center of Evolutionary Functional Genomics Biodesign, 
Institute Arizona State University; http://www.mega 
software.net/mega.html) software (Kumar et al., 2004) 
was used to construct another neighbor-joining tree 
based on −ln(proportion of shared allele) distance for 
240 individuals from the 7 breeds.

RESULTS

Allele Frequencies, Heterozygosity, and HWE 
Test of Conserved Lanyu Pigs

To determine the degree of nuclear genetic diversi-
ty within conserved Lanyu pigs, the allele frequencies 
and heterozygosity of 19 microsatellite markers recom-
mended by the FAO and International Society for Ani-
mal Genetics were examined, and HWE tests were per-
formed. The loci of all 19 microsatellite markers in the 
44 conserved Lanyu pigs were polymorphic (Table 1). 
Total alleles per locus varied from 2 (S0005, S0215) to 
6 (S0355, S0226), with a mean value at all loci of 3.74. 
The effective alleles ranged from 1.38 to 3.33, and the 
mean number of effective alleles was only 2.39 (Table 
1). The polymorphic information content (PIC) was 
calculated to measure the allele diversity at each of 
the polymorphic loci (Botstein et al., 1980), and allelic 
PIC ranged from 0.235 to 0.633, with a mean value of 
0.485.

To describe the genetic diversity and possible de-
viations from HWE within the population, the mean 
observed heterozygosities, mean expected heterozygosi-
ties, and HWE test were calculated (Table 1). The ob-

served heterozygosities of all loci (range 0.095 to 0.571) 
were less than expected heterozygosities (from 0.276 to 
0.697) within conserved Lanyu pigs. Fifteen of 19 loci 
showed significant deviation from HWE (P < 0.05), 
with 12 loci showing severe deviation (P < 0.01). The 
FIS of each locus ranged from 0.020 (SW911) to 0.858 
(S0386), and the mean FIS of all loci was 0.332. Four-
teen private alleles located at 12 loci were identified, 
including 166 (S0155), 163 (SW911), 244 (S0068), 174 
(S0002), 118 (SW024), 238 and 258 (S0227), 272 and 
276 (S0355), 174 (S0225), 176 (S0226), 136 (SW951), 
188 (S0218), and 227 bp (S0228).

Mean Genetic Diversity and Neighbor-
Joining Tree of Conserved Lanyu  
and Exotic Pig Breeds

To assess the genetic distance among conserved 
Lanyu, Taoyuan, Meishan, Berkshire, Landrance, Du-
roc, and Yorkshire breeds, the Cavalli-Sforza and Ed-
wards chord distances (DC) and Nei’s DA distances 
based on the allele frequencies of 19 microsatellite loci 
were obtained (Table 2). The DC between Duroc and 
Landrace breeds was 0.1324, similar to the result from 
Kim et al. (2005). Shorter DC were found between Lanyu 
and Berkshire (0.2360), Yorkshire (0.2383), and Meis-
han (0.2405) breeds than between Lanyu and Taoyuan 
(0.2633), Duroc (0.2642), and Landrace (0.2675) breeds. 
The Nei’s DA between Lanyu and exotic breeds were 
similar to DC (Table 2). Nei’s DA between Lanyu and 
Berkshire (0.6056), Yorkshire (0.6115), and Meishan 
(0.6172) breeds were shorter than against other exotic 
pigs (including Taoyuan, Duroc, and Landrace breeds). 
The genetic distances between European breeds (in-

Table 1. The genetic variation of 19 microsatellite loci in 44 individuals of conserved Lanyu pigs in Taiwan1 

Locus Allele (n) Effective allele Allele size range HO HE PIC HWE test FIS

SW857 3 1.90 104 to 114 0.286 0.480 0.391 ** 0.408
IGF1 3 2.38 194 to 202 0.442 0.587 0.488 * 0.249
S0155 3 2.65 160 to 166 0.425 0.630 0.542 ** 0.328
S0005 2 1.92 206 to 238 0.400 0.486 0.365 NS2 0.179
SW911 3 2.12 157 to 163 0.524 0.534 0.421 NS 0.020
S0068 4 3.07 244 to 256 0.571 0.682 0.614 ** 0.176
S0002 5 3.33 174 to 210 0.452 0.694 0.633 ** 0.351
S0228 3 2.24 227 to 243 0.419 0.559 0.459 * 0.254
SW024 3 1.45 98 to 118 0.295 0.313 0.282 NS 0.058
S0227 4 1.45 238 to 258 0.182 0.315 0.285 ** 0.425
SW72 5 2.48 150 to 160 0.537 0.603 0.545 ** 0.112
S0218 4 3.22 166 to 188 0.326 0.697 0.632 ** 0.529
S0355 6 2.54 246 to 276 0.455 0.613 0.543 ** 0.261
SW122 4 3.06 116 to 138 0.425 0.682 0.613 ** 0.380
S0225 3 2.17 174 to 194 0.442 0.545 0.467 * 0.239
S0226 6 2.41 176 to 214 0.341 0.606 0.541 ** 0.440
SW951 5 2.75 120 to 136 0.268 0.644 0.571 ** 0.586
S0215 2 1.38 156 to 164 0.233 0.276 0.235 NS 0.158
S0386 3 2.92 156 to 172 0.095 0.666 0.584 ** 0.858
Mean 3.74 2.39 0.375 0.559 0.485 0.332

1Table includes the number of alleles observed, effective alleles, allele size range, mean observed heterozygosity (HO), expected heterozygosity 
(HE), fixation indices (FIS), polymorphism information content (PIC), and loci deviating from Hardy-Weinberg equilibrium (HWE test, *P < 
0.05; **P < 0.01).

2NS = not significant.
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cluding Landrace, Yorkshire, Duroc, and Berkshire) 
were shorter than to Asian breeds (including Lanyu, 
Meishan, and Taoyuan). To understand the phyloge-
netic relationship between Lanyu and exotic breeds, a 
neighbor-joining tree was constructed based on DC. All 
European pig breeds were clustered in 1 major clade 
with a 99.9% bootstrap value after 1,000 resamplings 
(Figure 1). The Lanyu breed formed a unique clade. 
The Meishan was clustered with Taoyuan with a boot-
strap value of 93.0%. To address whether Lanyu pigs 
with type I or II mtDNA haplotypes (Wu et al., 2007; 
Jiang et al., 2008) have different relatedness to exotic 
breeds, DC distances of haplotype type I and type II 
and different exotic breeds were calculated (Table 3). 
The DC between mtDNA type I haplotype and type II 
in Lanyu pigs was 0.0225. The DC between type I Lanyu 
haplotype and Berkshire breed and between haplotype 
type II Lanyu and Berkshire were 0.2408 and 0.2304, 
respectively; type II Lanyu sequence is closer to the 

Berkshire breed than type I. In addition, the DC from 
type II Lanyu to European pig breeds was closer than 
type I (Table 3).

Genetic Variation and Neighbor-Joining Tree 
of 240 Individuals of Conserved Lanyu  
and Exotic Pig Breeds

To determine whether the genetic variation of the 
44 conserved Lanyu pigs could demarcate them from 
all exotic breeds, as seen in the polymorphism of 19 
microsatellite markers, a neighbor-joining dendrogram 
of 240 individuals from 7 breeds was established based 
on the distance of −ln(proportion of shared alleles). All 
of the conserved Lanyu and exotic pig breeds (except 1 
Berkshire and 1 Yorkshire pig) were classified into their 
own cluster, indicating the absence of nuclear gene in-
trogression between conserved Lanyu pigs and 99% of 
exotic breed pigs examined here (Figure 2). Although 
the NTU Lanyu pigs clustered with TAPS Lanyu pigs 
to form a unique clade, the NTU Lanyu pigs formed a 
unique subclade separated from the major Lanyu pig 
clade.

DISCUSSION

Genetic Diversity Within Conserved  
Lanyu Pigs

In total, 71 alleles were identified in 19 microsatellite 
loci within the Lanyu pig genome. The PIC value is 
used to evaluate the informativeness of each microsatel-
lite marker under study. Here, the mean measured PIC 
value of 19 microsatellite markers was 0.485, ranging 
from 0.235 to 0.633, indicating that 10 markers were 
highly informative (PIC >0.5), 8 markers were rea-
sonably informative (0.5 > PIC >0.25), and the final 
marker was only slightly informative (S0215, PIC <0.25; 
Botstein et al., 1980). The range in size of the alleles 
was 98 to 276 bp, consistent with the result of Yang et 
al. (2003), who used the same microsatellite markers to 
study genetic variation among 18 Chinese indigenous 
pig breeds. The number of effective alleles at the 19 loci 
ranged from 1.38 (S0215) to 3.33 (S0002), based on the 
Kimura and Crow (1964) formula. All detected allele 
numbers at the 19 loci were greater than their effective 

Table 2. Cavalli-Sforza and Edward chord (below the diagonal) and Nei’s DA (above 
the diagonal) genetic distances between Lanyu, Taoyuan, Meishan, Landrace, York-
shire, Duroc, and Berkshire pig breeds by 19 microsatellite marker polymorphisms 

Breed Lanyu Meishan Taoyuan Landrace Yorkshire Duroc Berkshire

Lanyu 0.6172 0.6757 0.6863 0.6115 0.6780 0.6056
Meishan 0.2405 0.6028 0.7515 0.7320 0.7039 0.7391
Taoyuan 0.2633 0.2347 0.7804 0.7524 0.7959 0.8134
Landrace 0.2675 0.2927 0.3042 0.3413 0.3395 0.3747
Yorkshire 0.2383 0.2852 0.2932 0.1331 0.4473 0.4255
Duroc 0.2642 0.2743 0.3101 0.1324 0.1743 0.4165
Berkshire 0.2360 0.2880 0.3170 0.1461 0.1659 0.1623

Figure 1. Neighbor-joining tree of Lanyu, Taoyuan, Meishan, 
Landrace, Yorkshire, Duroc, and Berkshire constructed from Cavalli-
Sforza and Edward chord genetic distance by 19 microsatellite marker 
polymorphisms. The numbers at the branch nodes are the percentages 
of a group occurrence in 1,000 bootstrap replications of resampled 
loci.
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allele number, which suggests that the 19 markers used 
in the present study were suitable for determination of 
genetic polymorphisms and diversity within the Lanyu 
pigs. The average number of alleles (3.74) for 19 loci in 
the conserved Lanyu pigs is less than the mean of 13.31 
alleles present in 26 microsatellite loci of 18 Chinese 
breeds (Yang et al., 2003) and 8.19 alleles present in 
20 microsatellite loci of 10 Chinese breeds (Li et al., 
2004), suggesting either homogenous selection or gene 
flow restriction in the Lanyu pig population.

The observed heterozygosities (mean 0.375) of all 
19 microsatellite loci were less than expected (mean 
0.559). Fifteen of 19 loci deviated significantly from 
Hardy-Weinberg equilibrium (P < 0.05), including 12 
loci with very significant disequilibria (P < 0.01). All 
FIS values (mean 0.332) of the 19 microsatellite loci in 
conserved Lanyu pigs were positive, suggesting a severe 
loss of heterozygosity in individuals due to panmixia 
within the conserved population. In addition, our previ-
ous studies (Wu et al., 2007; Jiang et al., 2008) of the 

diversity of mitochondrial cytochrome b sequences in 
conserved Lanyu pigs showed significant deviation from 
neutrality (Fu and Li’s test = 1.44055, P < 0.05), low 
haplotype number (h = 0.384 ± 0.066), and low nucle-
otide diversity (π = 0.0037 ± 0.00064). Taken together, 
the less number of alleles by locus, less mean observed 
heterozygosity than expected heterozygosity, and posi-
tive FIS values detected in microsatellite DNA and loss 
of the diversity of mtDNA haplotype demonstrated a 
severe loss of heterozygosity both in mitochondrial and 
nuclear genomes within the population of conserved 
Lanyu pigs. The current Hardy-Weinberg disequilibria 
of conserved Lanyu pigs may be a consequence of the 
original narrow genetic basis (5 males and 19 females 
were used to found the 2 herds before 1980), and this 
founder effect may have been exacerbated by the small 
conserved population and consanguineous mating.

Genetic Distance and Phylogenetic 
Relationship Among Lanyu and Other  
Pig Breeds

The FST statistic was calculated to estimate the ge-
netic differentiation between Lanyu and 6 exotic pig 
breed populations (refer to Suppl. Table S1; http://jas.
fass.org/content/vol87/issue1/). The FST value of each 
microsatellite locus ranged from 0.2171 (SW122) to 
0.6052 (S0215), and all 19 microsatellite loci deviated 
significantly from 0 (P < 0.01). The overall FST value 
obtained from 19 microsatellite loci from the 7 breeds 
was 0.3988 (refer to Suppl. Table S1). This mean FST 
value indicates that about 39.9% of the total genetic 
variation can be attributed to differences between pop-
ulations and 60.1% to differences within populations, 
indicating a clear genetic structuring of breeds used 
in this study. Nevertheless, small differentiation indices 
(FST from 0.077 to 0.22) have also been found in studies 
of 18 and 10 Chinese breeds (Yang et al., 2003; Li et 
al., 2004), with a greater level of genetic differentiation 
between 11 European breeds (0.27, Laval et al., 2000). 
A contrary result was obtained in an analysis of the 
genetic diversity of 52 European and 46 Chinese pig 
populations by 39 microsatellite markers based on a 
pooled DNA samples method, indicating the measured 
differentiation of breeds might be very dependent on 
the type (including number) of breeds and the meth-

Table 3. Cavalli-Sforza and Edward chord genetic distances between type I and type 
II haplotype mitochondrial DNA of Lanyu, Taoyuan, Meishan, Landrace, Yorkshire, 
Duroc, and Berkshire pig breeds by polymorphisms of 19 microsatellite markers 

Breed Lanyu I Lanyu II Meishan Taoyuan Landrace Yorkshire Duroc

Lanyu II 0.0225
Meishan 0.2422 0.2455
Taoyuan 0.2646 0.2660 0.2347
Landrace 0.2736 0.2625 0.2927 0.3042
Yorkshire 0.2425 0.2372 0.2852 0.2932 0.1331
Duroc 0.2713 0.2537 0.2743 0.3101 0.1324 0.1743
Berkshire 0.2408 0.2304 0.2880 0.3170 0.1461 0.1659 0.1623

Figure 2. The neighbor-joining tree was constructed based on 
−ln(proportion of shared alleles) distances among 240 individuals from 
7 pig breeds by 19 microsatellite marker polymorphisms.
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odological approach (Megens et al., 2008). The breeds 
used in this study have a high level of genetic differen-
tiation and are very distinct from each other. The high 
differentiation indices detected in the present analyses 
may be due to the natural genetic variability of the 
breeds studied.

The Cavalli-Sforza and Edward DC and Nei’s DA (Nei 
et al., 1983) genetic distances are more accurate ways 
of measuring the genetic distance from microsatellite 
frequency data (Takezaki and Nei, 1996). Both DC and 
Nei’s DA genetic distances between Lanyu and exotic 
breeds were calculated; both genetic distances showed 
consistent results (Table 2). The closest genetic distance 
was determined to be between Lanyu and Berkshire 
breeds (DC 0.2360 and Nei’s DA 0.6056), followed by, 
in turn, the Yorkshire, Meishan, Taoyuan, Duroc, and 
Landrace breeds. The genetic distances between Euro-
pean pig breeds (including Berkshire, Duroc, Landrace, 
and Yorkshire) were much shorter (DC range 0.1324 to 
0.1743) than the distance (DC range 0.2347 to 0.2633) 
between Asian pig breeds (including Lanyu, Meishan, 
and Taoyuan breeds). The distances between Lanyu ver-
sus Berkshire or Yorkshire (DC 0.2360 or 0.2383) were 
closer than between Lanyu and Meishan or Taoyuan 
breed (DC 0.2405 or 0.2633), suggesting minimal gene 
flow between Lanyu, Meishan, and Taoyuan breeds in 
recent times. The relationship of DC and Nei’s DA ge-
netic distance between Lanyu and the exotic breeds 
is not consistent with the time of importation of each 
exotic breed into Taiwan.

The Berkshire and Yorkshire are categorized as Old 
English pigs. Their original lop-ear appearance was 
changed to a prick-ear phenotype before the late 19th 
century. Historical records point conclusively to ge-
netic introgression of Chinese pigs into the Berkshire 
and Yorkshire breeds during their development (Jones, 
1998; Rothschild and Ruvinsky, 1998), but there is a 
lack of any genetic evidence to support the historical 
record. Our previous study revealed a very close pair-
wise genetic distance of type II mtDNA to Yorkshire 
mtDNA (Wu et al., 2007; Jiang et al., 2008), with a 
difference of 1 nucleotide in cytochrome b (1,140 nucle-
otides in length) and 4 nucleotides in the control region 
(1,163 nucleotides in length). The cytochrome b and 
control region of Berkshire mtDNA clustered with type 
II mtDNA in a cluster of Asian breeds based on pair-
wise distances (Wu et al., 2007; Jiang et al., 2008). The 
close genetic distances in both mtDNA and microsatel-
lite loci between Lanyu versus Berkshire and Yorkshire 
suggests a close genetic lineage between Lanyu and the 
2 exotic breeds. The development of the Yorkshire and 
Berkshire breeds in the early 19th century saw a docu-
mented continued decrease in body size that has been 
suggested to be the result of introgression of pig breeds 
from China (Porter, 1993). As a corollary, a synthetic 
breed referred to as the Lee-sung pig interbred from 
the Landrace and Lanyu breeds shows prick ears and 
white coat color (refer to Suppl. Figure S1). In con-
sideration of the sum of the short genetic distances, 

prick ears, and historical records, we hypothesize that 
the historical development of the Berkshire and York-
shire breeds might indeed have involved introgression 
from ancestors of the Lanyu pig. The Yorkshire has 
mtDNA similar to type II haplotype mtDNA in Lanyu 
pig, whereas the Berkshire may have seen introgres-
sion of mitochondria from other breeds from mainland 
Asia. Nevertheless, although there is no documentary 
evidence that the Lanyu pig was previously present on 
the main island of Taiwan, we cannot rule out the pos-
sibility that the close genetic distance between Lanyu 
and Berkshire was due to genetic introgression from 
Berkshire into Lanyu pigs when the Japanese occupied 
Taiwan. A closer genetic distance was also identified 
between Lanyu and Meishan than between Lanyu and 
Taoyuan. The phenotypes of the Taoyuan and 2 extinct 
breeds (Tingshuanghsi and Minung breeds) in Taiwan 
are similar to those of the Meishan and Lower Changji-
ang River Basin breeds in Mainland China (Cheng, 
1986; Chyr et al., 2001); hence, we could not rule out 
the possibility that the Meishan and Lower Changjiang 
River Basin breeds were introduced into Taiwan before 
the Taoyuan breed.

Interpopulation Structure Among Lanyu  
and Exotic Breeds

The DC genetic distances for 19 microsatellite loci 
among 7 breeds were used to construct their neighbor-
joining tree (Figure 1). Three major clades were recog-
nized. The Lanyu breed formed a unique clade, the Meis-
han and Taoyuan breeds formed the second clade, and 
the European breeds (including Yorkshire, Berkshire, 
Landrace, and Duroc) formed the remaining clade. The 
European breeds were clustered and separated from 
Asian breeds (Lanyu, Meishan, and Taoyuan breeds) 
with a high bootstrap value (99.9%). In addition, the 
nucleotides in positions 109, 131, 145, 390, and 1089 
of the control region of Lanyu mtDNA sequences were 
identical to Asian pigs, a feature suggested to be diag-
nostic between Asian and European pigs (Gongora et 
al., 2004; Wu et al., 2007). Together, characterization of 
mtDNA and diversity of microsatellite loci suggest that 
the Lanyu breed should be classified as an Asian breed. 
Nevertheless, the Lanyu pig and European breeds were 
separated from Meishan and Taoyuan breeds with a 
confidence bootstrap value of 93.0%, suggesting that 
the Lanyu breed possesses a distinct nuclear genetic lin-
eage to Taoyuan and Meishan breeds. Together, these 
results suggest minimal gene flow between these breeds 
in recent times, that the Lanyu breed has a unique 
genetic lineage in its nuclear genome, and that it is 
remote from Asian and European-type breeds.

Genetic Structure of 240 Individual Lanyu 
and Exotic Pigs

The neighbor-joining tree based on −ln(proportion 
of shared alleles) distance (Bowcock et al., 1994) was 
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constructed from 240 individuals of 7 breeds by the 
polymorphism of 19 microsatellite loci. Only 2 out of 
240 individual pigs clustered with different breeds, in-
dicating that 99.2% of the individuals can be assigned 
to their own breeds. This suggests that the polymor-
phism of the 19 microsatellite loci used in the present 
study is useful for breed demarcation. The 44 Lanyu 
pigs were clustered into a single clade, and no exotic 
pig was clustered in the Lanyu pig clade, again suggest-
ing that no interbreeding occurred between Lanyu and 
exotic breeds in recent times. The 5 Lanyu pigs from 
the NTU teaching farm formed a subclade within the 
Lanyu pig clade, which may be due to the small inbred 
sample from the NTU teaching farm (Suppl. Figure 
S2). Nevertheless, we could not exclude the possibility 
of a different genetic lineage of the original founders of 
the Lanyu pig population (1 male and 3 females) at the 
NTU teaching farm in 1975 to the TAPS Lanyu pigs 
(originally 4 male and 16 female founders in 1980).

Genetic Relationship of mtDNA Haplotype 
and Microsatellite Loci in Conserved  
Lanyu Pigs

The maternal genetic structure of conserved Lanyu 
pigs based on the polymorphism of mitochondrial ge-
nomic sequences was analyzed in our previous study. 
Only 2 specific mtDNA haplotypes (type I and II) were 
identified (Wu et al., 2007; Jiang et al., 2008). In the 
present study, the nuclear genetic distance and lineage 
within the conserved Lanyu pig population was deter-
mined based on the polymorphism of 19 microsatel-
lite loci. Controversially, a close DC genetic distance 
(0.0225) was identified between pigs possessing type 
I and Type II mtDNA haplotypes, and the phyloge-
netic structure based on −ln(proportion of shared al-
leles) distance from all 44 conserved Lanyu pigs did not 
correlate with the phylogenetic structure based on the 
pairwise distance of their mtDNA sequences (Suppl. 
Figure S2). This lack of correlation may reflect differ-
ences in the mechanisms and rate of mtDNA and nu-
clear genome replication, evolution, and reassortment 
(Gamow, 2004).

Formation of the Unique Genetic Structure 
and Their Speciation

How does the Lanyu pig possess both nuclear and mi-
tochondrial unique genomes? The tiny Lanyu Islet mea-
sures only 45.74 km2 overall. Nearly 3,000 aborigines 
reside on this small islet today. When we examined the 
haplotypes of mtDNA of the extant pigs on the Lanyu 
Islet in 2005, only type I and exotic pig mtDNA were 
identified (Jiang et al., 2008). No additional haplotype 
of mtDNA was obtained from the Lanyu Islet, leading 
us to hypothesize that the Lanyu breed might have 
developed from a small founder population when they 
were originally domesticated on the Lanyu Islet. After 
that, a combination of the geographic barrier limiting 

gene flow and genetic drift led to the speciation of the 
Lanyu breed. In addition, the founder effect was again 
enhanced after they were further isolated as conserved 
herds from a very small founder population (5 males 
and 19 females) after 1975. Here again, our conclusions 
should be considered relative to the limited sample of 
breeds examined and should not preclude conclusions 
that might be obtained from a more comprehensive set 
of breeds.

In conclusion, the Lanyu pig possesses unique genetic 
signatures in both nuclear and mitochondrial genomes 
and is distinct from both Asian and European domes-
tic breeds. The serious loss of nuclear genetic diver-
sity in the conserved Lanyu pig population identified 
in this study parallels that found in the mitochondrial 
genomes in our earlier study, suggesting that signifi-
cant attention must be directed to management of the 
remaining animals to maintain their genetic diversity. 
Specific knowledge of the genetic identity of each ani-
mal presented here should greatly assist such a goal. 
This miniature pig breed, nonetheless, has much poten-
tial for future development as a novel animal model to 
study mechanisms of genetic disease in mammals.
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