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The tiny dragonfly, Nannophya pygmaea (Odonata:
Libellulidae) is one the smallest dragonflies in the
world and listed as a second-degree endangered wild
animal and plant in Korea. For the long-term conser-
vation of such endangered species, an investigation on
nation-wide genetic magnitude and nature of genetic
diversity is required as a part of conservation strategy.
We, thus, sequenced a portion of mitochondrial COI
gene, corresponding to “DNA Barcode” region (658
bp) from 68 N. pygmaea individuals collected over six
habitats in Korea. The sequence data were used to
investigate genetic diversity within populations and
species, geographic variation within species, phylogeo-
graphic relationship among populations, and phyloge-
netic relationship among haplotypes. Phylogenetic
analysis and uncorrected pairwise distance estimate
showed overall low genetic diversity within species.
Regionally, populations in southern localities such as
Gangjin and Gokseong in Jeollanamdo Province
showed somewhat higher genetic diversity estimates
than those of remaining regions in Korean peninsula.
Although geographic populations of N. pygmaea were
subdivided into two groups, distance- or region-based
geographic partition was not observed.
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Introduction

Nannophya pygmaea i$ a dragonfly of the family Libel-
lulidae in the insect order Ordonata, which often belongs
to the Paleoptera together with another insect order
Ephemeroptera. The species known variously as the scar-
let dwarf, northern pygmyfly, or tiny dragonfly, is dis-
tributed from Southeast Asia to China, Korea and Japan,
and occasionally found south to Australia (Ishida er al.,
1988). This species is one of the smallest modern ordo-
natan species recorded, with a wingspan of ~20 mm, or
about 3/4 of an inch.

Biodiversity is threatened with a massive destruction of
the habitat by increase of human population, urbanization,
greenhouse phenomenon, contamination and so on. Due
by these factors, substantial number of species have been
exterminated and are under the pressure of extinction.
These threats not only influence to species diversity but
also threaten various levels of diversity, such as subspe-
cies, regional population, and genetic diversity (Soulé,
1986; Wilson, 1992).

In this regard, Korea is not exception. For over the last
50 years many species were exterminated by various dam-
ages. With the concern on this issue, more than 200 species
distributed in Korea was designated as endangered species,
and this chart include 20 insect species. Among these the
tiny dragonfly, Nannophya pygmaea (Odonata: Libellul-
idae) is listed as a second-degree endangered wild animal
and plant in Korea. There have been some studies on hab-
itat, distribution, and morphology of the species (Bae et al.,
1999; Kim, 1997), but no study has been made regarding
genetic aspects of the species yet. In this study, we, thus,
investigated genetic diversity, geographic variation within
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Table 1. A list of trapping localities, animal numbers, mitochondrial COI haplotypes, and GenBank accession numbers of N.
pygmaea

((1':1 ?:lz(f:‘til:(%i\l,?gzgg) Collection date Animal number Sex COI haplotype GenBerllrlllkma:)cecresmon
1. Munkyeong , 2006. 08. 14 NP0073 F BARNPI10 EU048699
Kyeongsangbuk Province (19) ” NP0075 F BARNP10 EU048726
" NP0077 F BARNP10 EU048700
Y NP0078 F BARNP06 EU048701
2007. 08. 02 NP0079 F BARNPI10 EU048702
" NP0080 M BARNP02 EU048703
2006. 08. 14 NP0081 M BARNPI10 EU048704
n NP0082 M BARNP04 EU048705
n NPO0083 M BARNP06 EU048706
” NP0084 M BARNPO06 EU048707
" NP0085 M BARNPI10 EU048708
” NP0086 M BARNP10 EU048709
2006. 08. 14 NP0O087 M BARNPO06 EU048710
” NP0088 M BARNPO06 EU048711
" NP0089 M BARNPI10 EU048712
" NP0090 M BARNPI10 EU048713
” NP0091 M BARNP10 EU048714
» NP0092 M BARNPI10 EU048715
" NP0093 M BARNPI10 EU048716
2. Suwon, 2006. 08. 14 NP0094 F BARNP02 EU048717
Kyeonggi Province (9) ” NP0095 F BARNP06 EU048718
n NP0096 F BARNP04 EU048719
n NP0097 F BARNP04 EU048720
" NP0098 F BARNP10 EU048721
» NP0099 F BARNPO02 EU048722
Y NP0100 M BARNP06 EU048723
" NP0101 M BARNP02 EU048724
n NP0102 M BARNPI10 EU048725
3. Muuido, 2006. 08. 14 NP0103 F BARNPI10 EU048727
Incheon (10) ” NP0104 F BARNP10 EU048728
” NP0105 F BARNPI10 EU048729
n NP0106 F BARNPI10 EU048730
” NP0107 M BARNPI10 EU048731
" NP0108 M BARNP10 EU048732
n NP0109 M BARNP10 EU048733
” NPO110 M BARNPI10 EU048734
" NPO111 M BARNPI0 EU048735
” NPO112 M BARNP10 EU048736

M, male; and F, female.
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Collecting locality

GenBank accession

(no. of individuals) Collection date  Animal number Sex COl haplotype number

4. Ganggin, 2006. 08. 22 NP0120 F BARNPO03 EU048737
Jeollanamdo Province (10) ” NP0O121 F BARNPOQ3 EU048738
n NP0122 F BARNPO1 EU048739

n NPO0123 F BARNP(7 EU048740

" NP0124 F BARNP09 EU048741

n NPO0O125 M BARNP03 EU048742

" NP0O126 M BARNP(3 EU048743

» NP0127 M BARNP09 EU048744

" NP0128 M BARNP10 EU048745

" NP0129 M BARNP05 EU048746

5. Gokseong A, 2007. 08. 04 NP0130 F BARNPI10 EU048757
Jeollanamdo Province (10) ” NP013] F BARNPOS8 EU048758
" NP0132 F BARNPO06 EU048759

” NPO0133 F BARNP10 EU048760

” NPO134 F BARNP06 EU048761

» NPO0135 M BARNPO5 EU048762

" NPO136 M BARNP06 EU048763

” NP0137 M BARNPO06 EU048764

" NPO0138 M BARNPO5 EU048765

” NP0139 M BARNP04 EU048766

6. Gokseong B, 2006. 08. 22 NP0140 F BARNP10 EU048747
Jeollanamdo Province (10) ” NPO141 F BARNPO05 EU048748
” NP0142 F BARNP08 EU048749

” NPO0143 F BARNPO5 EU048750

” NP0O144 F BARNP04 EU048751

" NPO0145 M BARNPO03 EU048752

” NPO146 M BARNPI10 EU048753

” NP0147 M BARNP(2 EU048754

" NP0148 M BARNP10 EU048755

” NP0149 M BARNPI10 EU048756

M, male; and F, female.

species, and phylogeographic relationship of the species by
sequencing a portion of mitochondrial COI gene.

Materials and Methods

Sampling

Adult N. pygmaea were sampled from six localities in
August, 2006 and 2007 after a proper permission was
obtained. In detail, collection permission for Suwon and
Muuido populations was obtained from the Han River

Basin Environmental Office (permission number 2006-
10), for Munkyeong from the Daegu Regional Environ-
mental Office (permission numbers 2006-2and 2007-5),
and for Ganggin and Gokseong from the Yeongsan River
Basin Environmental Office (permission numbers 2006-7
and 2007-5). Sampling locality, date of collection, and
individual sex are listed in Table 1 and locality map is
shown in Fig 1. Detailed administrative district for each
sampling location was omitted for the protection of the
endangered species.
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Fig. 1. Sampling location of N. pygmaea Ramber in Korea.
General locality names are as follows: 1, Munkyung, Kyeong-
sangbukdo Province; 2, Suwon, Gyeonggi Province; 3, Muui-
do, Incheon; 4, Gangjin, Jeollanamdo Province; 5, Gokseong A,
Jeollanamdo Province; and 6, Gokseong B, Jeollanamdo Prov-
ince. Within parenthesis denotes haplotype name, omitting the
antecedent alphabets, BARNP.

DNA extraction, Primer, PCR, and Sequencing

The total DNA was extracted using the Wizard Genomic
DNA Purification Kit, in accordance with the manufac-
turer’s instructions (Promega, USA). For the amplifica-
tion of a portion of mt COI gene, corresponding to “DNA
Barcode” region being utilized for global animal identi-
fication (Hebert ef al., 2003) a pair of primer was designed
based on Folmer er al. (1994): LCO1490, 5’-GGTCAA-
CAAATCATAAAGATATTGG-3" and HCO2198, 5°-TA-
AACTTCAGGGTGACCAAAAAATAC-3’, After an ini-
tial denaturation step at 94°C for 7 min, a 35-cycle ampli-
fication (94°C for 1 min, 50~55°C for 1 min, and 72°C
for 1 min) was conducted. The final extension step was
continued for 7 min and 45 s at 72°C. To confirm the suc-
cessful DNA amplification, electrophoresis was carried
out using 0.5 x TAE buffer on 0.5% agarose gel. The PCR
product was then purified using PCR purification Kit
(QIAGEN, Germany). The COI gene fragments were
directly sequenced from PCR products. DNA sequencing
was performed using the ABI PRISM® BigDye® Termi-
nator vl.1 Cycle Sequencing Kit under the ABI 377 or
ABI 310 Genetic Analyzer (PE Applied Biosystems,

USA). All products were sequenced from both strands.
Sequence alignment was performed using CLUSTAL X
programs (ver. 1.8; Thompson ef al., 1997). When homol-
ogous sequences from two individuals differed by > one
nucleotide base, the sequences were considered as differ-
ent haplotypes. Haplotype designations were applied to
new sequences as they were discovered (i.e., BARNPOI1,
BARNPO02, PBARNO3 and so forth).

Phylogenetic analysis using PAUP and networks
Phylogenetic analysis was performed by maximum-par-
simony (MP) method (Fitch, 1971) using PAUP* (Phy-
logenetic Analysis Using Parsimony and Other Method*)
ver. 4.0b10 (Swofford, 2002). To root trees, the nearly
complete Orthetrum triangulare melania mitogenome
sequence was utilized (Yamauchi et al., 2004) as an out-
group. The analysis was performed using an equal weight-
ing of transitions and transversions by heuristic search.
The reliability of the trees was tested by 1,000 iterations
of bootstrapping (Felsenstein, 1985). With intraspecific
mtDNA sequence data it often happens that parsimony
analyses provide limited resolution because of polyto-
mies, possibly caused by back mutations and parallel
mutations. One solution, which we employed, is to pre-
pare one-step median networks, which provide insight
into probable relationships among closely related lineages
(Bandelt et al., 1995).

Genetic diversity indices

Genetic diversity estimates, such as haplotype diversity
and nucleotide diversity within each locality were
obtained using Arlequin ver. 3.0 (Excoffier et al., 2005).
On the other hand, maximum sequence divergence within
population was obtained by extracting the estimate of
unrooted pairwise distance within population from PAUP
(Swofford, 2002).

Genetic distance and migration estimate

Genetic distance and migration rate were estimated from
mtDNA sequences and subroutines in the Arlequin ver-
sion 3.0 (Excoffier et al.,, 2005). Population pairwise
genetic distance (Fgr) and a permutation test of the sig-
nificant differentiation of the pairs of localities (1,000
bootstraps) were obtained following the approach
described in Excoffier et al. (1992) and the distance
between DNA sequences were calculated by the Kimura
2-parameters method (Kimura, 1980). Pairwise Fgr values
were used to estimate per generation migration rate, Nm
(the product of the effective population size Ne and migra-
tion rate, #7) based upon the equilibrium relationship: Fgr
=1/2Nm+1).
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30 60
T L Y L I F G A W A G M V G T A L S VvV L
BARNPO1 (NP0122) AACCCTATAC CTAATTTTTG GAGCATGAGC AGGAATAGTA GGAACTGCAT TAAGTGTATT

BARNPOZ2 (NPOOB0O) ........cv vuvunnonn C. ..., G i e e i e e
BARNPO3 (NPO120) .......... ..., G e i i iy i i e e d e
BARNPO4 (NPO082) .......... ..., G i e e i i i e e et e
BARNPOS (NP0O129) .......ovn oo, e e e i e i i i e e
BARNPOG (NPOO78) .......ovv .. G e i i it et it e e
BARNPO7 (NPO123) .......... .. e el e e e
BARNPOB (NPO131) ........vv v, o e i i e s e e e h e
BARNP(OS (NP0O124) .......... .o i e e s e e e e e
BARNPLIO(NPOO67) .....ivnivn viiun... e e e e e

90 120

I R I E L G Q P G L L I G D D Q I Y N V
BARNPO1(NP0122) AATTCGAATT GAATTGGGAC AGCCGGGATC TTTAATTGGA GATGATCAAA TTTATAACGT
BARNPOZ (NPOOBO) v ittiite it ittt ittt it ittt iee e eteaenae eieeanen
BARNPO3(NPOL20) vt iit ittt tit ittt et iionne ceenaenee seeannan G, coviiiia,
BARNPO4 (NPOGB2) it ittt it ittt it ettt et st taennes taeetanaas taennnnnn
BARNPOS (NPOLZ2O) ittt ittt ittt ittt ittt ittt e raeinee teeneenans taeeannnn
BARNPOG (NPOOT8) o uv ittt ittt titt ittt vttt iiiias teeteaass ereonnenns sennenenan .
BARNPOT (NPOL23) ittt ittt ittt it it ittt it taeneeanes sieneenns taeeennnnn
e O D =
BARNPOO (NPOL24) . vttt ittt ittt it iiiees tittenees teoneennne tanenannan
BARNPLO (NPOOBT7) v v viii ittt ittt iiiie titeniiane teeeetanes taetanaene sonunnneas

I v T A H A F v M I F F M v M P I M I G
BARNPO1 (NP0122) TATCGTTACT GCTCATGCTT TTGTAATAAT TTTCTTTATG GTTATACCTA TTATAATIGG
BARNPOZ (NPOOBO) o vnie i iie tit ittt ittt iienne teteiaeee s ittenanoe tananonnns
BARNPO3(NPOLZ20) v ittt ittt ittt et itinens esenannes sronnaoens oannnnnens
BARNPO4 (NPOOBZ) v vt ittt ittt et ittt teiiannes critnneanee tanannnnns
BARNPOOS (NPOL2O) . iuii ittt ittt ittt innen sateninnees crsonansne sonnannnnn
BARNPOG (NPOOT8) ottt it ittt iies eeteieninn et tsanace ctnananran voeeoenaas
BARNPOT7(NPOLZ23) ittt ittt ittt ttiienenne taeiateans tteventnne tomeanneas
BARNPOS (NPOL3L) it ittt it ittt ie ettt it it teiie i tnee trenneanee taeeannnan
BARNPOOG (NPCL24) ..ttt ittt ittt it iitne et ieane et tieianeaie taneeennas
BARNPIO (NPOOGT) v ittt ittt ittt teits it eieee tataiienen stenenanne cinenaanss

G F G N W L V P L M L G A P D M A F P R
BARNPO1(NP0122) AGGATTTGGA AACTGATTAG TACCATTAAT ACTGGGTGCT CCAGATATAG CATTCCCACG
BARNPOZ (NPOOBO) ittt ittt ittt ittt teteonetes eeenaeanes tteannonen tnenannnn
BARNPO3(NPOLZ0) vttt ittt ittt ettt tiiieinee teeinneenn
BARNPO4 (NPOO82) ..o it iis ittt iet iiieneee O
BARNPOS (NPOL20) o in ittt ittt e it ttiee tentetaer e eiteieanne teenannnnn
BARNPOG(NPOOT78) v vt ir it ittt iieee ttetieinne tastonsone orneneoeone tanenneenn
BARNPOT7(NPOLZ23) ittt ittt it iieiiiis tiiienes taeieenaens s ttnontone teeeonnens
BARNPOB (NPOL31) . iut ittt ittt et ittt e ttae e et eaaeiee teieenenan
BARNPOO (NPOLZ24) ittt iie it it ieiiies tiiienans tentatsens tinnennone temeonnnan
BARNPLO (NPOOGT) v vn ittt it ittt i te i ttae ettt e e taetaeanes taneaaannn

L N N M s F W L L P P S F T L L L A A S
BARNPO1 (NP0122) GCTAAATAAT ATAAGATTITT GATTACTACC ACCATCTTTT ACATTACTTC TTGCCAGAAG
BARNPOZ (NPOOBO) vttt i it ieiee triteanns tnasennes taenunones cavonnanns
BARNPO3(NPOLZ20) ittt ittt vttt ittt ot tiencnas taeonesnes taeeaenoee cameneennn
BARNPO4 (NPOOB2) .ttt ii ittt ittt ittt ttes tie ittt anns taeeneennn
BARNPOS (NPOL2G) .ottt it ittt ittt ittt tite ettt iaaee tteaaene it
BARNPOG (NPOOT78) it ittt ittt ittt ittt iee et ea i th it anne teeeneanns
BARNPOT7 (NPOLZ3) ittt ittt ittt iiiis teiitnines taeionnes cineannnns canennnons
BARNPOB (NPOL3L) ittt it ittt ittt ot ittt itae e tis et i teetieanee veeenneans
BARNPOO (NPOLZ4) .ttt it ittt it ittt tie i eeene tieeaasaas taeananan
BARNPLO(NPOOBT) .ot it it it ittt ittt ettt ittt ienaes cemeanenne taeneenn

Fig. 2. Sequence alignment of ten mitochondrial haplotypes (designated as BARNPO1 - BARNP10) obtained from 658-bp CO gene
sequences of N. pygmaea. Only nucleotide positions that differ from haplotype BARNPO1 are indicated. Within parenthesis is the
animal numbers corresponding to its haplotype. Amino acid sequences corresponding to the nucleotides are presented at the top of
the nucleotide sequences.
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330 360
M V E 5 G A G T G W T VvV Y P P L A G A I

BARNPO1 (NP0122) TATAGTTGAA AGAGGAGCTG GAACTGGATG AACGGTTTAT CCTCCATTAG CAGGGGCAAT
BARNPOZ (NPOOBO) . ouuiiie i ittt ittt teiiit e sttt teteetanee s
BARNPO3(NPOL20) . .it ittt i iiiiiie eiitieiees taeteaanne ttenannnee tennnnnnnn
BARNPO4 (NPOOB2) . .uuiit it ittt iie titineeees tnaeeneane enmanoneee oinnnnnann
BARNPOS (NPOL29) tiuii it ittt iie it itiee tetetanaes eetneannen teennennnn
BARNPOG (NPOOT8) v iu ittt it ittt it iie tine e ttnas neeoanees tnoneneann oaeenennen
BARNPO7 (NPOLZ23) vttt ittt ittt iite ettt tttnes ennontnenen tonnensnne snnennenen
BARNPOB (NPOL31) v vt iiii it ittt ittt ettt tnes caeemneens cnnnnn e et e
BARNPOO (NPOL24) oottt ittt ittt ittt eits i tteee tetaeaanens teteeannane teeennean
BARNPLIO(NPOOGT) ouiii i iis et ittt tetinanee tomie e seiuneane tanenennnn

A H A G A S V D L T I F S L H L A G V S
BARNPO1 (NP0122) TGCCCATGCT GGTGCTTCAG TAGATTTAAC AATTTTCTCT TTACACCTAG CAGGTGTCTC
BARNPOZ (NPOOBO) vttt ittt ittt ittt e s ttttan i ies tieotaeaes e ttneenen teeennnnn
BARNPO3(NPOL20) vvit ittt ittt it ettt tieonnnens ettmeneenn seeennnen
BARNPO4 (NPOOB2Z) «u ittt ittt ittt tttin i iee tateteneee e ttneeene tininnnn
BARNPOS (NPOL29) ottt ittt it tte ittt iies it tanans et tnaneene taennnan
BARNPOG (NPOOT78) . i ittt it ittt ettt tteae teaetaaene eeeeiieane teeiaennnn
BARNPO7 (NPOL23) ittt it ottt ittt et titeee et tiaaee teiieaaee siennnan
BARNPOB (NPOL31) ittt it it itite ittt it teeneanaae tetimeenone eeiennannn
BARNPOO (NPOL24) o iviiin it ittt et iittaae t ettt st ianne sernennan
BARNPIO (NPOOGT) tiiiiit i ittt tettiinann ceeieainne teeeennnnn cernennnnns

S I L G A I N F I T T VvV I N M K S P G M
BARNPO1 (NP0122) ATCTATTTTA GGAGCTATTA ATTTTATTAC TACTGTAATC AATATAAAAT CTCCTGGCAT
BARNPOZ2 (NPOOBO) . vttt ittt ittt i et e tiian i ees tate s aaaes ot tenneens s
BARNPO3 (NPOL20) .+ vttt it ittt it ttitieiiee ettt tanaes et ttananen taeennnnn
BARNPO4 (NPOOBZ) .t iit ittt ittt it ettt tiae smettiaees o tieneaen oeeerannan
BARNPOS (NPOL2O) vttt ittt ittt it ittt ittt et tianr e et tneeaenn tnennnnnn
BARNPOGO (NPOOT8) . vt ittt ittt ittt ttiint i ias emtetinene et tinnenes taeennnnan
BARNPOT(NPOL23) vttt ittt ittt it e et et iee t e taataaee et e
BARNPOB (NPOL3L) .t ittt it i ietiie ttttenenee ettt eaaaes seennnnene saneeennnn
BARNPOO (NPOL24) ..ttt vttt it ittt i teeneeaees e tienneen i
BARNPIO{NPOOBT) .\ttt ettt s v ieiiieiee ettt e eee ettt eeeees emtettaee eeuennns

K L D Q M P L F V W A V V I T AV L L L
BARNPO1 (NP0122) AAAATTAGAT CAAATACCAT TATTTGTATG AGCAGTAGTA ATTACTGCTG TATTACTTTT
BARNPOZ2 (NPOOBO) .ottt it ittt it it ittt ee e et ttties et iaee e e
BARNPOS(NPOIZ20) .+ttt ittt it ittt it titiansaen emeotannns ertmnneane onnnennnnn
BARNPOA (NPOOB2) v .ov ittt ittt it ittt ttiee t it e itaaae et tieaieee e eiennn
BARNPOS (NPOL29) .ottt ittt i it ettt ies eateteaeee ettt e iinnnn
BARNPOG {NPOOT8) .t v ittt ittt it ettt ateee et e eiaane e teteiiee e eeennns
BARNPOT7(NPOLZ23) v vttt ettt ittt i i it et tiiteee etteetaene e taeiiine teeinnnnn
BARNPOB (NPOL3L) v iv ittt ottt ittt ittt itaee ttemaiaane tetinnnane criinnnnn
BARNPOOG (NPOLZA) o vttt ittt ittt ies tatetnanne s tiinnane cnneennnnn
BARNPIO(NPOOGBT) v vv ittt ettt iie tetttitees eemetinee taennanaan ciininnnns

L 5 1 P VvV L A G A I T M L L T D R N I N
BARNPO1 (NP0122) ATTATCTTTA CCAGTACTAG CAGGGGCCAT TACTATGTTA TTAACGGATC GAAATATTAA
BARNPOZ (NPOOBO) .ttt ittt ittt it i it ittt iens taet s anaes et inneees ceieinnnan
BARNPOS3(NPOL20) .+ttt ittt et iiit et teetat it teeereanes tetinaeree tiennnn
BARNPO4 (NPOOB2) . ov vttt ittt i ettt et ee ettt e tiiie ettt e iieiinnnn
BARNPOS(NPOLIZT) «oii ittt ittt ittt ettt titarannne cnean S N
BARNPOG (NPOOT8) . oviii it iiit ittt it itaaane veaoemannne taeennnn Co i
BARNPOT(NPOLZ23) ot iv ittt ittt ittt iteae et eetianae e ettt eiiennnns
BARNPOB (NPOL3L) 4 vittiit ittt ittt ettt iies et tinene et tinnnenn taeeinnnnn
BARNPOOG(NPOL24) .ottt ittt i it ettt ittt ettt taeee ettt e e e
BARNPLO (NPOOGT) ittt ittt ettt ettt ttttet ettt ittt ettt eees ciiieaean

Fig. 2. Continue.
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630 658

Y Q H L F

BARNPO1 (NP0122) TACATCATTT TTTGATCCTG CAGGGGGAGG AGATCCTATT TTATATCAAC ACCTCTIT

(
BARNPO2 (NP0080)
BARNPO3 (NP0120)
(
(

BARNP(O4 (NPO082)
BARNPOS5 (NP0129)
BARNPQO6 (NPO078)
BARNPO7 (NP0123)
BARNPOS (NP0131)
BARNPOOY (NP0124)
BARNP10 (NPO0OG7)

Fig. 2. Continue.

Hierarchical genetic structure

Genetic relationships among populations and sets of pop-
ulations were assessed by the Holsinger and Mason-
Gamer (H-MG) method (1996). A detailed rationale of
this method is described in the original study of Holsinger
and Mason-Gamer (1996) and other reports, which uti-
lized this method (Kim et al., 1998). Unlike other vari-
ance analyses, this approach generated the hierarchical
relationships of the groups without specifying the hierar-
chical structure of the populations before the analysis
(Holsinger and Mason-Gamer, 1996).

Results and Discussion

COI gene sequence analysis

A total of ten haplotypes (BARNPO1 - BARNP10) was
obtained by sequencing 658-bp of COI gene from 68 adult
N. pygmaea (Table 1; Fig. 2). Sequence alignment re-
vealed ten variable nucleotide positions, which are all tran-
sitions, and these all did not replace amino acids (Fig. 2).

Sequence divergence among haplotypes
Pairwise comparison between pairs of haplotypes was
performed to know about the divergence and relationships

among haplotypes (Table 2). The divergence among ten
haplotypes ranged from 0.152% to 0.450% (1~3 bp).
Comparison of BARNPOS5 to other haplotypes always
provided the highest estimate, 0.450% (3 bp), except for
the comparison to BARNP10, wherein the distance was
0.304% (2 bp). Considering other similar studies, which
utilized homologous region of mitochondrial genome, the
maximum sequence divergence was moderate to low in V.
pygmaea. For example, the estimate was 0.2% for domes-
tic silkworm (Kim er al., 2000), 0.2% and 1.2% for two
species of mushroom flies (Bae et al., 2001), ~0.23% and
0.12% for two species of the rice planthoppers (Mun ef
al., 1999), 0.4% for spruce budworm species (Sperling
and Hickey, 1994), 0.5% for Heliconius butterflies
(Brower, 1994), 0.9% for the diamondback moth (Li ef
al., 2006), 4.0% for the firefly, Luciola lateralis (Kim et
al., 2001), 5.0% for another firefly Pyrocoelia rufa (Lee et
al., 2003). Excluding two firefly species, which have been
reported to have a taxonomic implication (Kim et al.,
2001; Lee et al., 2003) it was approximately <1.2% in the
insect mitochondrial COI gene, although exact compari-
son may not be possible, at least because of the areas cov-
ered in each study. Thus, the magnitude of sequence
divergence of the N. pygmaea is moderate to low com-
pared with other insect species. On the other hand, another

Table 2. Pairwise comparisons among ten N. pygmaea haplotypes obtained from the partial sequences of mitochondrial COI

gene
Haplotype 1 2 3 4 5 6 7 8 9 10
1 - 0.00304  0.00304 0.00304 0.00456 0.00304 0.00304 0.00304 0.00304 0.00152
2 2 - 0.00304 0.00304 0.00456 0.00304 0.00304 0.00304 0.00304 0.00152
3 2 2 - 0.00304 0.00456  0.00304 0.00304 0.00304 0.00304 0.00152
4 2 2 2 - 0.00456  0.00304 0.00304 0.00304 0.00304 0.00152
5 3 3 3 3 - 0.00456  0.00456  0.00456 0.00456  0.00304
6 2 2 2 2 3 - 0.00304 0.00304 0.00304 0.00152
7 2 2 2 2 3 2 - 0.00304 0.00304 0.00152
8 2 2 2 2 3 2 2 - 0.00304 0.00152
9 2 2 2 2 3 2 2 2 - 0.00152
10 1 1 1 | 2 1 1 1 1 -

Numbers above the diagonal are mean distance values; numbers below the diagonal are absolute distance values.
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Fig. 3. Relationships among ten haplotypes of N. pygmaea. (A) Phylogenetic analysis of ten haplotypes of N. pygmaea. The tree
was acquired via the MP method incorporated in the PAUP* (Phylogenetic Analysis Using Parsimony and Other Method*) ver.
4.0b10 software (Swofford, 2002). The tree length is 113 steps, Consistency Index is 0.973, Retention Index is 0.4000, and
Homoplasy Index is 0.027. Orthetrum triangulare melania mitogenome sequence was utilized (Yamauchi et al., 2004) was incor-
porated in the analysis in order to root the tree. The numbers on the branches represent bootstrap values of 1,000 replications. (B)
Parsimonious one-step median networks analysis among ten haplotypes of N. pygmaea. Each bar indicates one nucleotide differ-
ence from the neighboring haplotype, and the empty circle indicates the hypothetical haplotype, which was not found in this study.

dragonfly, Libellula quadrimacular, showed <1% within
Europe, 0.2~2.3% within North America, and >0.8%
within Japan when limited number of individuals from a
few localities were analyzed for mitochondrial COI gene.
Thus, the maximum sequence divergence of N. pygmaea
is much lower than that of L. quadrimacular.

Phylogenetic analysis
Phylogenetic relationships among haplotypes were inves-
tigated to know they are related to each other (Fig. 3).

PAUP analysis by maximum parsimony method showed
that all haplotypes were weakly associated or unresolved,
although BARNPO5 was slightly divergent from all other
haplotypes (Fig. 3A). Lack of resolution among most hap-
lotypes is may be due to very low genetic divergence
among them. To further illustrate the genetic relationships
among N. pygmaea haplotypes, we used an unrooted one-
step median network, which visualizes a possible evolu-
tionary pathway among closely related haplotypes (Fig.
3B). Although we expected more resolution in the closely

Table 3. Relative frequencies of mitochondrial COI haplotypes through the populations

Locality
Haplotype 1. Munkyeong 2. Suwon 3. Muuido 4, Gangjin 5. Gokseong A 6. Gokseong B
(19) ) (10) (10) (10) (10)

BARNPOI (NP0122) 0.1 (1)

BARNP02 (NP0080)  0.0526 (1) 0.333 (3) 0.1 (1)
BARNPO03 (NP0120) 0.4 (4) 0.1(1)
BARNPO4 (NP0082)  0.0526 (1) 0.222 (2) 0.1 (1) 0.1(1)
BARNPOS (NP0129) 0.1(1) 0.2(2) 0.2(2)
BARNPO06 (NP0078)  0.263 (5) 0.222 (2) 0.4 (4)

BARNPO7 (NP0123) 0.1 (1)

BARNPO8 (NP0131) 0.1 (1) 0.2 (1)
BARNP09 (NP0124) 0.2(2)

BARNP10 (NPO067)  0.632(12) 0.222 (2) 1(10) 0.1 (1) 0.2(2) 0.4 (4)

Numbers in parentheses indicate sample size at each population.



Mitochondrial DNA sequence variation of the tiny dragonfly 55

Table 4. Within-locality diversity estimates

Locality $S¥ NHY H® NpY MSD? (%) MpPDP ¥
1. Munkyeong 19 4 0.5556 3 0.304 0.619883 0.000942
2. Suwon 9 4 0.8333 3 0.304 1.277778 0.001942
3. Muuido 10 1 0 0 0 0 0
4. Gangjin 10 6 0.8444 6 0.456 1.688889 0.002567
5. Gokseong A 10 5 0.8222 5 0.456 1.644444 0.002499
6. Gokseong B 10 6 0.8444 6 0.456 1.511111 0.002297

DSample size

®Number of haplotypes

“Haplotype diversity

“Number of polymorphic sites
“Maximum sequence divergence
9Mean number of pairwise differences
ONucleotide diversity

Table 5. Fixation indices (Fgr) and migration rate (Nm) between pairs of populations

2. Suwon 3. Muuido 4. Gangjin 5. Gokseong A 6. Gokseong B

I, Munkyeong For=0.06560 Fer=0.14305 Fer=0.00000* Fer=0.04365 Fgr=0.02705
Nm=9.81130 Nm=4.77704 Nm=2.03132 Nm=11.90759 Nm=4.41860

5 Suw Fsr=0.00015* Fsr=0.00520 Fsr=0.29595 Fer=0.30040
-suwon Nm=2.05357 Nm=2.56043 Nm=17.97450 Nm=9.88930

. Fer=0.00000* Fer=0.00030* For=0.01250

3. Muuido Nm=2.71429 Nm=2.31250 Nim=8.50000
B Fgr=0.01295 Fsr=0.15220
4. Gangjin Nm=3.28947 Nim=20.00000
FST=O'31400

5. Gokseong A Nim=35.50000

6. Gokseong B

*p < 0.05.

related haplotypes, it provided us limited information. All
haplotypes, except for BARNPOS were very closely
related to BARNP10, with a minimum sequence diver-
gence. In the case of BARNPOS, it is somewhat divergent
from the most common one and others, but overall N. pyg-
maea haplotypes found in Korea were all highly close to
each other.

Genetic diversity indices

Geographic distribution and frequency of haplotypes are
listed in Tables 3. Among the ten haplotypes found in this
study three haplotypes, BARNPG1, BARNP07, and
BARNP09, were found only in one locality, but others
were found in more than two localities. BARNP10 was
found in all localities with a high frequency.

With this information in part, the within-locality diver-
sity was estimated in terms of haplotype diversity (H),
maximum sequence divergence (MSD), mean number of
pairwise differences (MPD), and nucleotide diversity (r)

(Table 4). In a range of 0~1 in H, Suwon (locality 2),
Gangjin (locality 4), Gokseong A (locality 5), and Gok-
seong B (locality 6) were comparatively high (H=0.8222
~0.8444), whereas the samples collected from Muuido
(locality 3) showed zero diversity, providing a single hap-
lotype (BARNP10; Table 4). In terms of m, Gangjin
(locality 4), Gokseong A (locality 5), and Gokseong B
(locality 6) showed comparatively high estimate (n=
0.002297~0.002567). Although Suwon (locality 2)
showed comparatively high H, the estimate of m was not
high as others. Taking these diversity estimates into con-
sideration, the populations in southern localities such as
Gangjin (locality 4), Gokseong A (locality 5), and Gok-
seong B (locality 6) in Jellanamdo Province are relatively
higher in genetic diversity than that of remaining locali-
ties. Although limited, this result may reflect that the
southern localities in Korean peninsula provide better
habitats for N. pygmaea and may have sustained larger
populations than remaining regions. For the long term
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-0.201667

(P = 0.002000)

0.006670
(P=10.061000)

0.119176
(P = 0.001000)

0.004916

(P = 0 .066000)

D =0.012346
(P = 0. 102000)

3. Muuido

1. Munkyeong Group A
5. Gokseong A

2. Suwon

4. Ganggin Group B

6. Gokseong B

Fig. 4. Hierarchical relationships among localities analyzed using Holsinger and Mason-Gamer method (1996). The value at each
node is the distance between its two daughter nodes and the p value is the significance of differentiation (based on 10,000 random
resamplings). Two statistically significant groups are denoted as groups A and group B.

conservation of the species over a nation-wise scale, thus,
southern region of Korean peninsula may require more
effort to preserve species-level genetic diversity. How-
ever, for further decisive conclusion, more scrutinized
sampling and analysis of rapidly evolving gene of N. pyg-
maea may be required.

Gene flow

Genetic distance (Fgy) and per-generation migration rates
(Nm) between pairs of populations are shown in Table 5.
Test of statistical significance of pairwise Fsr estimates
were found in four cases: between Munkyeong (locality
1) and Gangjin (locality 4), between Suwon (locality 2)
and Muuido (locality 3), between Muuido (locality 3) and
Gangin (locality 4), and between Muuido (locality 3) and
Gokseong A (locality 5). Thus, Muuido has three among
four cases, which shows implication in statistical signif-
icance of pairwise Fgr This probably indicates the nature
of isolation of this locality as island, unlikely other pop-
ulations. Except for Muuido, a significant genetic differ-
entiation was found only in the comparison between
Munkyeong (locality 1) and Gangjin (locality 4), showing
that populations of N. pygmaea in Korean peninsula are
very well interconnected to each other. Consistent result
was obtained from gene flow estimate (Nwmi), providing the
least gene flow estimate in a comparison between
Munkyeong (locality 1) and Gangjin (locality 4) (Nm=
2.03132), except for the implication of Muuido (locality
3) (Table 5).

Hierarchical population genetic structure

To better understand the nature of genetic diversity of N.
pygmaea in Korea the hierarchical relationships among
localities were analyzed (Fig. 4). The six Korean localities
were structured into two groups (p=0.001): Muuido+
Munkyeong + Gokseong A group (termed group A) and
Suwon+ Ganggin+ Gokseong B (termed group B). Al-
though group B does not have any subgroup partitioned
with statistically significant estimate, group A was further
subdivided into Muuido and (Munkyeong + Gokseong A).
Overall, the data represent no immediate relationship
between geographic distance and genetic distance. The
clearest example can be Gokseong A and Wolbokgri,
which are located only ~ 10 km distant to each other, but
they belong to different group. On the other hand, Gangjin
and Suwon were grouped together as like a single pan-
mictic population, although the distance between them is
more than 300 km.

Species of Ordonata, composed of three suborders, have
capability to fly. In particular, species of the suborder,
Anisoptera, wherein N. pygmaea is belonged, contains
many active fliers. Recent molecular analysis of another
anisopteran dragonfly, L. quadrimaculata, also showed a
high interconnection among samples collected within
continent (Artiss, 2004). However, the reasoning for the
interconnection among local samples would be different
between L. quadrimaculata and N. pygmaea. This is
because some continental populations of L. quadrimacu-
lata are facultative migrants, undergoing occasional peri-
odic mass migrations (Russell ef al., 1988), whereas N.
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pygmaea is smallest dragonfly with a wingspan of ~20
mm and unlikely to have such behavior, although it has
not been documented. Instead, it seems that the result of
geographic interconnection may have been observed by
population reduction and consequent low genetic diversity
in the species.

Summarized, the sequence analysis of the tiny dragon-
fly, N. pygmaea provided overall low genetic diversity in
this species, in particular, compared to within-continental
estimate of another anisopteran dragonfly, L. quadrimac-
ular. Geographically, southern localities such as Gangjin
and Gokseong in Jeollanamdo Province showed some-
what higher diversity estimates than remaining regions.
Genetic isolation by distance was not observed consider-
ing the Fgy, Nm, and hierarchical population genetic struc-
ture. For further decisive conclusion, more scrutinized
sampling and analysis of rapidly evolving gene of N. pyg-
maea may be required.
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