
Introduction

The freshwater eels, genus Anguilla Schrank, 1798, are

one of the most unique eel groups in the Anguilliformes,

since it is the only genus in which all species show catadoro-

mus migrations between the sea and freshwater or estuaries

in their life history. Their leaf-like transparent larvae, termed

leptocephali, passively drift on currents from their spawning

areas offshore to their growth habitats in freshwater or estu-

aries. This type of larval transport can result in large-scale

dispersal, which could be affected by shifts in oceanic cur-

rents and result in transport of larvae outside of their typical

species range. This situation makes some of Ege’s (1939)

classification of the genus Anguilla unclear, because he used

geographic distribution as an essential taxonomic character

(See Watanabe et al. 2004).

The genus Anguilla is currently recognized as compris-

ing 15 species, three of which are further divided into two

subspecies (Ege 1939, Castle and Williamson 1974). Of

these, A. nebulosa McClelland, 1844 was divided into A.

nebulosa nebulosa McClelland, 1844 and A. nebulosa labiata

(Peter 1852), A. bicolor McClelland, 1844, into A. bicolor bi-

color McClelland, 1844 and A. bicolor pacifica Schmidt,

1928, and A. australis Richardson, 1841, into A. australis

australis Richardson, 1841 and A. australis schmidtii

Phillipps, 1925 (Ege 1939). This traditional classification

was based on several morphological differences, such as the

body proportions, dentition and number of vertebrae, found

between the two allopatric groups within species (Fig. 1).

Ege (1939) suggested that A. marmorata Quoy and

Gaimard, 1824, which has the widest geographic distribution

among the 15 species of the genus Anguilla, included three

primary “races”. A recent molecular genetic study (Ishikawa

et al. 2004) and morphological (Watanabe et al. in press)

studies recognized several different populations in this

species. On the other hand, three temperate species, A. an-

guilla (Linnaeus, 1758), A. rostrata (Lesueur, 1817), and A.

japonica Temminck and Schlegel, 1846, are thought to com-

prise panmictic populations despite their rather broad geo-

graphic distributions (e.g. Tesch 1977). Indeed, recent molec-

ular genetic studies did not detect any genetic differences

among distantly separated geographic samples in these tem-

perate anguillid eels in the northern hemisphere: the Euro-

pean eel, A. anguilla (Lintas et al. 1998, Dannewitz et al.

2005), the American eel, A. rostrata (Avise et al. 1986, Wirth

and Bernatchez 2003), and the Japanese eel, A. japonica

(Sang et al. 1994, Ishikawa et al. 2001). However, there were

also two studies which suggested the possibility of genetic

differentiation within A. anguilla (Wirth and Bernatchez
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2001) and A. japonica (Tseng et al. 2006), so this problem is

still unsolved. 

These considerations show that there are some anguillid

species that comprise panmictic populations, while there are

some others with multiple populations. In addition, there are

species that have subspecies in the genus Anguilla. However,

the definition of taxonomic categories has not been well vali-

dated in anguillid species and the relative status between sub-

species and populations is unclear (the term “race” used by

Ege (1939) is essentially the same as a “population”). The

purpose of this study was to quantitatively compare the varia-

tion and differences in morphological and molecular genetic

characters between recognized taxonomic (species or sub-

species) and ecological (population) units to understand the

biological significance of the subspecies of the genus An-

guilla.

Materials and Methods

Vertebral counts
The total number of vertebrae (TV) was examined as a

morphological character because TV is one of the important

characters of taxonomy in the genus Anguilla (Ege 1939,

Tabeta et al. 1976, Watanabe et al. 2005, 2006, in press). A

comparison of TV between each of the three subspecies pairs

was done to reconfirm morphological differences between

the two subspecies of A. nebulosa, A. bicolor and A.

australis. Part of the data used for this comparison were 166

specimens (total length: 151–1248 mm) that were collected

from 10 localities from 1 June 1995 to 2 March 2002 (Fig. 1,

Table 1): A. nebulosa nebulosa (N�6), Sumatra, Indonesia

and Bangladesh; A. nebulosa labiata (N�7), Malawi, Africa;

A. bicolor bicolor (N�37), Madagascar, Sumatra and Myan-

mar; A. bicolor pacifica (N�43), Philippines and Ambon Is-

land, Indonesia; A. australis australis (N�42), Australia; A.

australis schmidtii (N�31), New Zealand. One specimen of

A. nebulosa labiata could not be used for morphological

analysis because of heavy damage. TV was counted using ra-

diographs (soft-X, Softex Co., Ltd.). This data was called the

original TV data set. The TV data of each subspecies were

tested for differences in their distributions using the Kol-

mogorov-Smirnov two-sample test program of StatView (ver-

sion 5.0) for Macintosh (SAS Institute Inc., Chicago, Illi-

nois), with P�0.05 as the criterion for significance. 

In addition, we used TV data of a total 2079 specimens

of A. nebulosa nebulosa (N�90), A. nebulosa labiata

(N�140), A. bicolor bicolor (N�500), A. bicolor pacifica

(N�324) A. australis australis (N�461) and A. australis

schmidtii (N�564) described in Ege (1939) (Table 2-B) and

these data were also analyzed in the present study. These data

were called Ege’s TV data set. 

It is well known that meristic characters such as the TV,

fin rays, and gill rakers as well as external morphological

characters vary geographically among populations of fishes

(Uiblein 1995, O’Reilly and Horn 2004, Kim et al. 2006).

However, it should be noted that there is often a relationship

between meristic characters, especially TV, and latitude,
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Fig. 1. Distribution of the two subspeces of A. nebulosa (broken lines), A. bicolor (straight lines) and A. australis (doted lines) based on
Ege (1939), and the collection localities (solid circle) of specimens used in this study.



which is known as Jordan’s rule (Jordan 1892). This ten-

dency for TV to increase with latitude is often regarded as an

association between TV and water temperature (Fowler 1970,

Hubbs 1992). In the case of eels of the genus Anguilla, the

spawning areas that are known for the temperate species A.

anguilla, A. rostrata, and A. japonica (Schmidt 1925, Mc-

Cleave et al. 1987, Tsukamoto 1992, 2006) and the tropical

species A. bicolor, A. borneensis, A. celebesensis, and A.

marmorata (Jespersen 1942, Miller et al. 2002, Aoyama et al.

2003) are all in tropical to subtropical regions with similar

water temperatures. In addition, both A. anguilla and A. ros-

trata spawn in the same area (McCleave et al. 1987), but

their TV are different with very little overlap (A. anguilla:

range 110–119, mean 114.7; A. rostrata: range 103–111,

mean 107.2; Ege 1939). Therefore, because of the similar

temperatures at the spawning areas of most anguillids, it

seems likely that variations of TV in eels are derived from

genetic rather than environmental factors. Furthermore, the

apparent population structure of A. marmorata (Watanabe et

al. in press) and the subspecies of A. australis (Watanabe et

al. 2006) based on molphological differences in TV roughly

correspond with the population structure of A. marmorata

(Ishikawa et al. 2004) and A. australis (Shen and Tzeng

2007, but see Dijkstra and Jellyman 1999) inferred from mo-

lecular genetic analysis. This evidence suggests that the ge-

netic differences in mean TV are correlated with the amount

Watanabe S. et al.: Subspecies issues of the genus Anguilla
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Table 1. Collection localities and number of specimens of Anguilla nebulosa nebulosa, A. nebulosa nebulosa, A. bicolor bicolor, A. bi-
color pacifica, A. australis australis, A. australis schmidtii and A. marmorata examined in the study. * 11 specimens of A. australis aus-
tralis were from the National Museum of Natural History, Washington DC, United States (fish numbers: 344896, 344897). TV: The total
number of vertebrae, 16S: Genetic distance for 16SrRNA, RFLP: PCR-RFLP analysis for the control region.

Species or subspecies Number of 
Collection locality Collection date Total length (mm) Experiments

name specimens

A. nebulosa nebulosa 3 Bangladesh 1995/6/1 309–567 TV, RFLP 
3 Sumatra Island, Indonesia 1997/2/28–3/4 178–505 TV, RFLP

Subtotal 6

A. nebulosa labiata 1 Malawi 1998/10/3 358  TV, 16S, RFLP 
5 Malawi 1998/11/6–11 255–1248 TV, RFLP 
1 Malawi 1999/9/23 �500 RFLP

Subtotal 7

A. bicolor bicolor 1 Sumatra Island, Indonesia 1993/8/23 470 TV
18 Sumatra Island, Indonesia 1996/5/28 319–576 TV 
9 Sumatra Island, Indonesia 1997/2/24–3/12 302–568 TV, RFLP 
5 Myanmar 1999/3/23 504–673 TV, RFLP 
3 Madagascar 1994/9/9 384–490 TV, RFLP 
1 Madagascar 1996/12/20 491 TV, RFLP

Subtotal 37

A. bicolor pacifica 34 Philippines 1996/1/11 214–385 TV
9 Amdon Island, Indonesia 1997/12/20 151–611 TV, RFLP

Subtotal 43

A. australis australis 13 Australia 1996/8/14 293–362 TV
18 Australia 1998/1/8–14 484–654 TV, RFLP
11 Australia* 191–474 TV

Subtotal 42

A. australis schmidtii 8 New Zealand 1996/9/5–11 338–474 TV
4 New Caledonia 1997/11/7–8 249–349 TV
4 New Zealand 1999/8/2 375–530 TV, RFLP

15 New Zealand 1999/8/2 311–677 TV
Subtotal 31

A. marmorata 3 Madagascar 1994/9/9 363–623 16S
3 Japan 1993/8/8–9 476–1034 16S
1 Sulawesi Island, Indonesia 1993/9/2 311 16S
4 Tahiti 1996/8/6 704–1177 16S

Subtotal 11



of evolutionary divergence among populations of eels. We

focused on the degree of the differences in mean TV between

subspecies of A. nebulosa, A. bicolor and A. australis, be-

tween A. anguilla and A. rostrata, and among populations of

A. marmorata in both TV data sets, since the degree of the

difference in mean TV likely reflects the evolutionary time

scale of the divergences between taxa or groups in the genus

Anguilla. 

Genetic distance for 16SrRNA
We focused on the mitochondrial 16S ribosomal RNA

gene (16SrRNA) and the control region as molecular genetic

characters. The 16SrRNA is a relatively conservative gene

(Meyer 1993) and is frequently used for phylogenetic analy-

sis and identification studies of the species of Anguilla

(Aoyama et al. 2000, 2001, Watanabe et al. 2005) and the

control region is used for studies of the population structure

of species of Anguilla (Ishikawa et al. 2001, 2004). The ge-

netic distances (Kimura 1980) of 16SrRNA were examined

by PHYLIP 3.5 to compare genetic distances among 143

populations of A. marmorata (N�11: Madagascar (N�3),

Ogasawara (N�3), Sulawesi (N�1) and Tahiti (N�4)), be-

tween the two subspecies of A. nebulosa, A. bicolor and A.

australis (N�6, 1 specimen per subspecies), and among the

15 species of the genus Anguilla (N�15, 1 specimen per

species). For the genetic distance comparison at the species

level, a single specimen of A. nebulosa nebulosa, A. bicolor

bicolor, and A. australis australis was used for A. nebulosa,

A. bicolor and A. australis. The data of these specimens for

13 anguillid species except for A. nebulosa labiata and A.

marmorata from Aoyama et al. (2001) were obtained from

the DDBJ/EMBL/GenBank (Accession Nos. AB021748-

AB021783). Anguilla nebulosa labiata (N�1) collected from

Malawi and A. marmorata (N�10) from 4 different localities

(Madagascar, Ogasawara, Sulawesi and Tahiti) were used for

the 16SrRNA sequence determinations. Since 5 different

populations of A. marmorata were reported (Ishikawa et al.

2004), which were Madagascar, Sumatra, North Pacific, Fiji

and Tahiti populations, we used 10 specimens of A. mar-

morata to examine genetic differences among 3 of the popu-

lations that were Madagascar (N�3), North Pacific (Oga-

sawara: N�3, Sulawesi: N�1), and Tahiti (N�3). 

DNA extraction and the sequencing of 16SrRNA for 11

specimens of Anguilla nebulosa labiata and A. marmorata

were conducted following Aoyama and Tsukamoto (1997).

Briefly, total genomic DNA was isolated and purified using

phenol-chloroform-isoamyl alcohol (25 : 24 : 1, volume/vol-

ume) twice with diethyl ether, then concentrated by ethanol

precipitation. A fragment of the 16SrRNA gene was ampli-

fied using the polymerase chain reaction (PCR) with oligonu-

cleotide primers that were nested in the 16SrRNA: L1374,

H2009, L1854, H2582 (the four primers: Aoyama et al.

2001), L1854 and H3058 (the two primers: Miya and

Nishida 1996). Amplification parameters were 35 cycles of

denaturation at 94°C for 30 s, annealing at 52°C for 30 s and

extension at 72°C for 60 s. Double-stranded DNA products

from PCR were purified by filtration through a Microcon-100

(Amicon Inc.) filter and sequenced following the manufac-

ture’s protocol (Applied Biosystems Japan Ltd.). Sequences

were obtained from the light and heavy strands of each frag-

ment amplified for verification. Sequences of A. nebulosa

labiata (1557 bp) and A. marmorata (1191–1194 bp) have

been submitted to DDBJ/EMBL/GenBank, under Accession

Nos. AB303369-AB303380.

PCR-RFLP analysis for the control region in
subspecies

Polymerase chain reaction - restriction fragment length

polymorphism (PCR-RFLP) analysis was done to examine

geographic and genetic differences in each subspecies of A.

nebulosa, A. bicolor, and A. australis. Among all specimens

collected in this study, a total of 60 specimens were used for

PCR-RFLP analysis: A. nebulosa nebulosa (N�4), Sumatra

Island, Indonesia and Bangladesh; A. nebulosa labiata

(N�7), Malawi; A. bicolor bicolor (N�18), Madagascar,

Sumatra and Myanmar; A. bicolor pacifica (N�9), Ambon

Island, Indonesia; A. australis australis (N�18), Australia; A.

australis schmidtii (N�4), New Zealand. 

Pieces of liver tissue were excised from each eel and

minced in 95% ethanol or in a buffer consisting of 8 M urea,

10 mM tris-HCl ph 8.5, 125 mM NaCl, 50 mM EDTA and

1% volume/weight of sodium dodecyl sulfate (Aoyama and

Tsukamoto 1997). The remainder of each eel specimen was

preserved in 5 to 20% formalin for morphological analysis.

Total genomic DNA extraction was carried out as mentioned

above. A fragment of the tRNAThr and tRNAPro genes and a

part of the control region was amplified by PCR with a pair

oligonucleotide primers, L15774 (Shields and Kocher 1991)

and H16498 (Kocher et al. 1989). The PCR was carried out

with the GeneAmp PCR system 2400 (Perkin-Elmer, Inc.),

with a 25 m l reaction volume containing 13.8 m l of sterile dis-

tilled water, 2.5 m l 10xPCR buffer (Perkin-Elmer, Inc.), 2.5

m l dNTP (deoxynucleotide triphosphate) at 2 mM, 5 m l of

each primer at 5 mM, 0.2 m l of Taq DNA polymerase (Perkin-

Elmer, Inc.) and 1 m l of total DNA. Amplification parameters

were 35 cycles of denaturation at 94°C for 30 s, annealing at

52°C for 30 s and extension at 72°C for 60 s. The PCR prod-

ucts were cleaved by the seven restriction enzymes, Alu I,

Eco T22I, Hha I, Hinc II, Mbo I, Msp I and Mva I (Takara

Shuzo Co., Ltd.). PCR-RFLP analysis and data analysis fol-

lowed Watanabe et al. (2005). Restriction procedures were

carried out in a 20 m l final volume containing 5 m l PCR prod-

uct, 10 units of restriction enzyme, and 2 m l of restriction en-

zyme buffer supplied by the manufacturers and incubated at

37°C overnight. RFLP was detected and compared with the

positions of size markers (fX174-Hinc II digest, Takara
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Shuzo Co., Ltd.) using electrophoresis on 1% agarose gels

with ethidium bromide staining. A 0–1 data matrix was con-

structed based on the absence (0) or presence (1) of the fol-

lowing 12 restricted fragment lengths (Watanabe et al. 2005):

1 (�1057 bp), 2 (�1057), 3 (�770, �1057), 4 (�770), 5

(�612, �770), 6 (�612), 7 (�495, �612), 8 (�495), 9

(�392, �495), 10 (�291, �392), 11 (�210, �291), 12

(�210). Hierarchical cluster analysis was carried out on this

binary data set using SPSS (version 6.1) for Macintosh (SAS

Institute Inc., Chicago, Illinois) with the squared Euclidian

distance measure, and UPGMA clustering (unweighted pair-

group method using arithmetic averages).

Results

Total number of vertebrae
The TV range and mean of the original TV data set for

A. nebulosa nebulosa were 106 to 111 (mean�standard devi-

ation: 108.0�1.7), A. nebulosa labiata, 110 to 114

(111.8�1.7), A. bicolor bicolor, 106 to 111 (109.3�1.3), A.

bicolor pacifica, 104 to 109 (107.0�1.2), A. australis aus-

tralis, 109 to 115 (112.2�1.3) and A. australis schmidtii, 108

to 114 (111.4�1.5) (Table 2).

The TV range and mean of Ege’s TV data set for A. neb-

ulosa nebulosa were 106 to 112 (109.1�1.2), A. nebulosa

labiata, 107 to 115 (111.3�1.3), A. bicolor bicolor, 106 to

Watanabe S. et al.: Subspecies issues of the genus Anguilla
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Table 2. The total number of vertebrae (TV) of Anguilla nebulosa nebulosa, A. nebulosa labiata, A. bicolor bicolor, A. bicolor pacifica,
A. australis australis and A. australis schmidtii from this (A) and Ege’s (1939) (B) studies.

TV A. nebulosa nebulosa A. nebulosa labiata A. bicolor bicolor A. bicolor pacifica A. australis australis A. australis schmidtii

A)

115 1
114 1 6 1
113 2 11 8
112 14 4
111 1 1 8 5 10
110 2 9 4 6
109 11 5 1
108 3 6 9 2
107 1 2 15
106 1 1 10
105 3
104 1

Total 6 6 37 43 42 31
Mean 108.0 111.8 109.3 107.0 112.2 111.4

SD 1.7 1.7 1.3 1.2 1.3 1.5

B)

116 2
115 2 22 4
114 4 1 77 21
113 17 3 155 99
112 4 33 35 129 198
111 7 49 87 2 63 164
110 21 26 157 2 11 65
109 32 7 124 37 2 12
108 18 1 75 85 1
107 7 1 13 107
106 1 5 66
105 17
104 6
103 2

Total 90 140 500 324 461 564
Mean 109.1 111.3 109.7 107.1 112.6 111.7

SD 1.2 1.3 1.3 1.2 1.2 1.1



114 (109.7�1.3), A. bicolor pacifica, 103 to 111

(107.1�1.2), A. australis australis, 109 to 116 (112.6�1.2)

and A. australis schmidtii, 108 to 115 (111.7�1.1) (Table 2).

The TV ranges of Ege’s TV data set were wider than

those of the original TV data set. However, the mean of TV

values of these two data sets were almost the same with the

largest differences being in A. nebulosa nebulosa (this study:

108.0, Ege’s study: 109.1). The main reason for the differ-

ence between the two data sets was that the original TV data

set (N�6) included fewer specimens than Ege’s TV data set

(N�90).

There were significant differences in the TV distribu-

tions (Kolmogorov-Smirnov two-sample test, P�0.05) be-

tween each of the subspecies pairs of A. nebulosa, A. bicolor

and A. australis, in the original TV data set, as well as in

Ege’s TV data set.

Genetic distances for 16SrRNA 
Genetic distances in the 16SrRNA sequences among the

15 species ranged from 0.012 (A. anguilla vs. A. rostrata) to

0.057 (A. borneensis vs. A. nebulosa) (Fig. 2-A, Table 3).

The genetic distance (0.012) between A. anguilla and A. ros-

trata was the lowest value among the 15 species pairs. Sub-

species pairs showed genetic distances of 0.003 (A. australis

australis vs. A. australis schmidtii), 0.006 (A. nebulosa nebu-

losa vs. A. nebulosa labiata) and 0.007 (A. bicolor bicolor

vs. A. bicolor pacifica) (Fig. 2-B). These values for sub-

species pairs were all lower than the lowest value of genetic

distance between species (A. anguilla vs. A. rostrata). The

genetic distances among the 10 specimens of A. marmorata

including three different populations were from 0 to 0.003
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Fig. 2. Genetic distance among 15 species of Anguilla (A),
among populations of A. marmorata (B) and between each of the
subspecies pairs of A. nebulosa, A. bicolor and A. australis (C).
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(Fig. 2-C), which were also lower than the genetic distances

among any pairs of the 15 species (0.012–0.057) and the two

subspecies pairs of A. nebulosa (0.006) and A. bicolor

(0.007), but were the same as the genetic distance for the A.

australis subspecies pair (0.003).

PCR-RFLP analysis of the control region 
Dendrograms were obtained from the cluster analysis

using a 0–1 data matrix for specimens of each subspecies

pair (Fig. 3). Anguilla nebulosa nebulosa and A. nebulosa

labiata were clearly divided into respective groups. However,

one specimen of A. nebulosa labiata from Malawi had a dif-

ferent pattern compared to the restriction fragment lengths of

the other A. nebulosa specimens. Anguilla bicolor bicolor

and A. bicolor pacifica were clearly divided into two groups

that corresponded to the Pacific Ocean region (Ambon) and

the Indian Ocean region (Madagascar, Sumatra and Myan-

mar). Specimens from both sides of the Indian Ocean (west

side: Madagascar, east side: Sumatra and Myanmar) were

well mixed in a clade. Anguilla australis australis and A.

australis schmidtii were not divided and were mixed.

Discussion

Morphological characters 
The results showed that there was a clear difference in

TV between the subspecies pairs of A. nebulosa, A. bicolor

and A. australis. Ege (1939) also pointed out other morpho-

logical differences in proportional and meristic characters be-

tween each of the subspecies pairs of A. nebulosa, A. bicolor

and A. australis, but did not statistically test those. Watanabe

et al. (in press) also found that there was a difference in TV

among populations of A. marmorata. The size of the differ-

ence in mean TV (7.5) between A. anguilla and A. rostrata

was larger than those between each of the subspecies pairs of

A. nebulosa (2.2), A. bicolor (2.5) and A. australis (0.9), and

among populations of A. marmorata (0.1–0.8) (Table 4). This

suggested that the evolutionary divergence times between A.

anguilla and A. rostrata were larger than those between the

two subspecies of A. nebulosa, A. bicolor and A. australis,

and among populations of A. marmorata. Furthermore, the

sizes of the differences in mean TV between each of the sub-

species pairs of A. nebulosa and A. bicolor were the same

and were larger than those between the two subspecies of A.

australis and among populations of A. marmorata. This sug-

gests that the evolutionary divergence times between each of

the subspecies pairs of A. nebulosa and A. bicolor are larger

than those between the two subspecies of A. australis and

among populations of A. marmorata. This estimation agreed

with the molecular phylogenetic tree constructed using se-

quence data of the total mtDNA genome of all 15 species and

3 subspecies of Anguilla (Minegishi et al. 2005) because A.

nebulosa and A. bicolor were also separated into respective

subspecies earlier than the two subspecies of A. australis.

Molecular genetic characters 
This study is the first to compare the genetic distances

between each of the subspecies pairs of A. nebulosa, A. bi-

color and A. australis, among the 15 species in the genus An-

guilla, and among populations of A. marmorata. The genetic

distance in 16SrRNA between A. anguilla and A. rostrata

was the lowest among species, but was higher than those be-

tween each of the subspecies pairs of A. australis, A. nebu-

losa and A. bicolor and among populations of A. marmorata.

Furthermore, genetic distances in 16SrRNA between each of

the subspecies pairs of A. nebulosa and A. bicolor were the
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Fig. 3. Dendrograms obtained from the cluster analysis of PCR-
RFLP analysis of the control region of A. nebulosa, A. bicolor and
A. australis. NEB: A. nebulosa nebulosa, LAB: A. nebulosa labiata,
BIC: A. bicolor bicolor, PAC: A. bicolor pacifica, AUS: A. australis
australis, SCH: A. australis schmidtii. Sample location in parenthe-
ses, BAN: Bangladesh, SUM; Sumatra, MAL: Malawi, AMB:
Ambon Island, 547 MYA: Myanmar, MAD: Madagascar, NZ: New
Zealand, AUS: Australia.



same and were higher than those between the two subspecies

of A. australis and among populations of A. marmorata.

These results suggest that the degree of morphological and

molecular genetic differences or evolutionary divergence

time between each of the subspecies pairs of A. nebulosa and

A. bicolor are lower or newer than those between A. anguilla

and A. rostrata. It seems reasonable to suppose that the two

subspecies of A. nebulosa and A. bicolor are already divided

into two reproductively isolated groups, which possessed ge-

netic differences more than twice those of the populations of

A. marmorata. Furthermore, it seems reasonable to suppose

that the two subspecies of A. australis have about the same

genetic differences as among populations of A. marmorata.

The same estimations could be found by the results of the

morphological character of TV. 

PCR-RFLP analysis using the control region also clearly

showed genetic differences between each of the subspecies

pairs of A. nebulosa and A. bicolor. However, there was no

clear separation between A. australis australis and A. aus-

tralis schmidtii in the PCR-RFLP analysis. This result was

same as in the study of Dijkstra and Jellyman (1999) who se-

quenced the control region (611 base pairs) of mtDNA of A.

australis australis and A. australis schmidtii to test the hy-

pothesis that there was no genetic difference between the two

subspecies. They found no statistically significant difference

and concluded that these two subspecies appeared to share a

common gene pool. In addition, the genetic differences of

16SrRNA between A. australis australis and A. australis

schmidtii were as small as those among populations of A.

marmorata. However, Watanabe et al. (2005) reported that A.

australis had greater genetic differences between the two

subspecies than within the other 14 species. Watanabe et al.

(2006) also found a significant difference between the two

subspecies of A. australis in 16 external morphological char-

acters and 3 meristic characters including TV. Furthermore, a

recent molecular genetic study using microsatellite DNA in-

dicated that populations of A. australis in eastern Australia

and in New Zealand may be reproductively isolated from one

another (Shen and Tzeng 2007). To test the molecular differ-

ences and population structure of these two subspecies more

precisely, we need to also analyze other types of nuclear

DNA, which may more directly affect the morphological dif-

ferences, using more rapidly evolving genetic markers such

as Amplified Fragment Length Polymorphism (AFLP) and

Single Nucleotide Polymorphisms (SNPs). 

In the present study, there was no significant difference

in the relatively conservative mtDNA 16SrRNA gene se-

quences in A. marmorata. This result was the same as the

study by Ishikawa et al. (2004). However, there were clear

genetic differences in the control region in different popula-

tions of A. marmorata (Ishikawa et al., 2004). This suggested

that recently isolated populations of A. marmorata have not

yet accumulated species-specific genetic markers in their

mtDNA 16SrRNA sequences, but have accumulated popula-

tion-specific genetic markers in the control region. Further-

more, Ishikawa et al. (2004) reported that sequence differ-

ences in the control region of the mtDNA of 162 individuals

of A. marmorata varied from 0% to 10.8%. The highest value

was comparable to that between the two Atlantic species, A.

anguilla and A. rostrata (10.0%), and much larger than that

between the two subspecies of A. bicolor (6.2%). These ob-

servations suggest that the degree of differences in the con-

trol region may vary widely depending on the size of the

species range and the locations of their spawning areas. 

Comparison between morphological and molecular
genetic characters 

Comparisons of the morphological and molecular ge-
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Table 4. Means and differences in the total number of vertebrae (TV) between Anguilla anguilla and A. rostrata, between the two sub-
species of 3 species, and among populations of A. marmorata.

Species, subspecies or 
Mean TV Difference References

populations 

A. anguilla 114.7 7.5 Ege, 1939
A. rostrata 107.2 Ege, 1939
A. bicolor bicolor 109.7 2.5 Ege, 1939
A. bicolor pacifica 107.2 Ege, 1939
A. nebulosa nebulosa 109.1 2.2 Ege, 1939
A. nebulosa labiata 111.3 Ege, 1939
A. australis australis 112.6 0.9 Ege, 1939
A. australis schmidtii 111.7 Ege, 1939
A. marmorata 0.1–1.8 

Madagascar 105.6 Watanabe, unpublished data 
Sumatra 105.3 Watanabe, unpublished data 
North Pacific 104.6 Watanabe, unpublished data 
Fiji 105.7 Watanabe, unpublished data 
Tahiti 106.4 Watanabe, unpublished data



netic differences between A. anguilla and A. rostrata, be-

tween each of the subspecies pairs of A. nebulosa, A. bicolor

and A. australis, and among populations of A. marmorata in

the present study indicated the same three things. (1) The

morphological and molecular genetic differences between A.

anguilla and A. rostrata were bigger than those between each

of the subspecies pairs of A. nebulosa, A. bicolor and A. aus-

tralis and among populations of A. marmorata. (2) The mor-

phological and molecular genetic differences between each

of the subspecies pairs of A. nebulosa and A. bicolor were

bigger than those between the two subspecies of A. australis

and among populations of A. marmorata. (3) The morpho-

logical and molecular genetic differences between subspecies

of A. australis were the same as those among populations of

A. marmorata, except for in the control region.

Validity of subspecies
The analyses of the present study found that there were

morphological and molecular genetic differences between

each of the subspecies pairs of A. nebulosa, A. bicolor and A.

australis. Considering the morphological and molecular ge-

netic differences and reproductively isolated ecological units

(populations), there are three possible taxonomic solutions

for the subspecies problems of the genus Anguilla: (1) Be-

cause recent molecular genetic (Ishikawa et al. 2004,

Minegishi et al. in press) and morphological (Watanabe et al.

in press) studies recognized several populations in A. mar-

morata by finding small morphological and molecular ge-

netic divergences in comparison to those of A. anguilla and

A. rostrata, the two subspecies of A. nebulosa, A. bicolor and

A. australis should be regarded merely as populations of each

species. (2) If the validity of the two subspecies of A. nebu-

losa, A. bicolor and A. australis are to be accepted, the popu-

lations of A. marmorata with similar differences should also

be regarded as subspecies. (3) If focusing on the reproductive

isolation of populations of the genus Anguilla, which without

considering the small differences in morphological and mo-

lecular genetic characters, each population should be re-

garded as a species, and the subspecies of Anguilla should

also be species. 

The morphological and molecular differences that have

been found and the allopatric distributions of each of the sub-

species pairs of A. nebulosa, A. bicolor and A. australis

agrees with subspecies concept defined by Mayr and Ashlock

(1991). However, to use and expand the use of the subspecies

concept to A. marmorata as in case (2), it will require the use

of 2 taxonomic (species and subspecies) and 1 ecological

(population) units. The case of (1) or (3) would be simpler

concepts than the case of (2) because these cases use just

species and population designations without any subspecies.

Furthermore, some biologists have suggested that the sub-

species as a category rank should be abolished (Wilson and

Brown 1953, Burt 1954, Hagmeier 1958).

We need further studies on the population structure of

all species in the genus Anguilla using many more specimens

because there have been no studies of the population struc-

ture of tropical eels except for A. marmorata. Furthermore,

studies on the spawning and recruitment areas of species

other than A. anguilla, A. rostrata and A. japonica are needed

as a first step, because understanding the exact patterns of

their migration loops, which consist of the migrations be-

tween different habitats for spawning and for growth

(Tsukamoto and Aoyama 1998, Tsukamoto et al. 2002), will

be important for the determining population structures and

the taxonomy of the genus Anguilla. Taxonomy of this genus

can be discussed more completely after more detailed results

are obtained in studies on the population structure, spawning

areas and migration routes of all species, which will be key

factors in determining the taxonomy of the genus Anguilla.

Acknowledgements
This study could not have been possible without the generous

assistance in sampling expeditions, for which we sincerely thank the

following colleagues: S. Ishikawa, T. Sato, M. Ohashi, H. Chagi, A.

Kawada, C. Hayward, K. Ogawa, T. Otake, T. Inagaki, T. Arai, T.

Yoshinaga, S. Sasai, and T. Isono. The paper greatly benefited from

critical comments and suggestions on an early draft by M. J. Miller.

We thank M. Oya for her assistance in many aspects of the project.

S. W. was partly supported by the Ito Foundation for Promotion of

Ichthyology, a Sasakawa Scientific Research Grant from the Japan

Science Society, and Research Fellowships for Young Scientists (No.

18780143) from the Japan Society for the Promotion of Science.

This study was supported partly by Grants-in-aid (No. 07306022,

08041139, 11691177 and 12NP0201) from the Ministry of Educa-

tion, Culture, Sports, Science and Technology of Japan; “Research

for the Future” Program No. JSPS-RFTF 97L00901 from the Japan

Society for the Promotion of Science; Touwa Shokuhin Shinkoukai;

and the Eel Research Foundation of Nobori-kai.

References
Aoyama, J. and Tsukamoto, K. 1997. Evolution of the freshwater

eels. Naturwissenschaften. 84: 17–21.

Aoyama, J., Watanabe, S., Nishida, M. and Tsukamoto, K. 2000.

Discrimination of catadromous eel species, genus Anguilla,

using PCR-RFLP analysis of the mitochondrial 16SrRNA do-

main. Trans. Am. Fish. Soc. 129: 873–878.

Aoyama, J., Nishida, M. and K. Tsukamoto. 2001. Molecular phy-

logeny and evolution of the freshwater eel, genus Anguilla.

Mol. Phylogenet. Evol. 20: 450–459.

Aoyama, J., Wouthuyzen, S., Miller, M. J., Inagaki, T. and

Tsukamoto, K. 2003. Short-distance spawning migration of

tropical freshwater eels. Biol. Bull. 204: 104–108.

Avise, J. C., Helfman, G. S., Sauders, N. C. and Hales, L. S. 1986.

Mitochondrial DNA differentiation in North Atlantic eels: pop-

ulation genetic consequences of an unusual life history pattern.

Proc. Natl. Acad. Sci. USA. 83: 4350–4354.

Burt, W. H. 1954. The subspecies category in mammals. Syst. Zool.

3: 99–104.

Watanabe S. et al.: Subspecies issues of the genus Anguilla

27



Castle, P. H. J. and Williamson, G. R. 1974. On the validity of the

freshwater eel species Anguilla ancestralis Ege from Celebes.

Copeia. 1974: 569–570.

Dannewitz, J., Maes, G. E., Johansson, L., Wickström, H., Volck-

aert, F. A. M. and Järvi, T. 2005. Panmixia in the European eel:

a matter of time. Proc. R. Soc. B. 272: 1129–1137.

Dijkstra, L. H. and Jellyman, D. J. 1999. Is the subspecies classifica-

tion of the freshwater eels Anguilla australis australis Richard-

son and A. a. schmidtii Phillipps still valid? Mar. Freshw. Res.

50: 261–263.

Ege, V. 1939. A revision of the genus Anguilla Shaw, a systematic,

phylogenetic and geographical study. Dana Rep. 16: 1–256.

Fowler, J. A. 1970. Control of vertebral number in teleosts—an em-

bryological problem. Q. Rev. Biol. 45:148–167.

Hagmeier, E. M. 1958. Inapplicability of the subspecies concept to

North American marten. Syst. Zool. 7: 1–7.

Hubbs, C. L. 1922. Variations in the number of vertebrae and other

meristic characters of fishes correlated with the temperature of

water during development. Amer. Nat. 56: 360–372.

Ishikawa, S., Aoyama, J., Tsukamoto, K. and Nishida, M. 2001.

Population structure of the Japanese eel Anguilla japonica as

examined by mitochondrial DNA sequencing. Fish. Sci. 67:

246–253.

Ishikawa, S., Tsukamoto, K. and Nishida, M. 2004. Genetic evi-

dence for multiple geographic populations of the giant mottled

eel Anguilla marmorata in the Pacific and Indian oceans.

Ichthyol. Res. 51: 343–353.

Jespersen, P. 1942. Indo-Pacific leptocephali of the genus Anguilla.

Dana Rep. 22: 1–128.

Jordan, D. S. 1892. Relations of temperature to vertebrae in fishes.

Proc. U.S. Natl. Mus. 1891: 107–120.

Kim, J. K., Doiuchi, R. and Nakabo, T. 2006. Molecular and mor-

phological differences between two geographic populations of

Salanx ariakensis (Salangidae) from Korea and Japan.

Ichthyol. Res. 53: 52–62.

Kimura, M. 1980. A simple method for estimating evolutionary rate

of base substitution through comparative studies of nucleotide

sequences. J. Mol. Evol. 16: 111–120.

Kocher, D., Thomas, W. K., Meyer, A., Edwards, S. V., Pääbo, S.,

Villablanca, F. X. and Wilson, A. C. 1989. Dynamics of mito-

chondrial DNA evolution in animals: ampification and se-

quencing with conserved primers. Proc. Natl. Acad. Sci.

U.S.A. 86: 6916–6200.

Lintas, C., Hirano, J. and Archer, S. 1998. Genetic variation of the

European eel (Anguilla anguilla). Mol. Mar. Biol. Biotech. 7:

263–269.

Mayr, E. and Ashlock, P. D. 1991. Principles of systematic zoology.

McGraw-Hill, New York.

McCleave, J. D., Kleckner, R. C. and Castonguay, M. 1987. Repro-

ductive sympatry of American and European eels and implica-

tions for migration and taxonomy, p. 286–297. In: Common

Strategies of Anadromous and Catadromous Fishes. M. J.

Dadswell, R. J. Klauda, C. M. Moffit, R. L. Saunders, R. A.

Rulifson, and J. E. Cooper (eds.). American Fisheries Society

Symposium 1, Bethesda, Maryland.

Meyer, A. 1993. Evolution of mitochondrial DNA in fishes. In Bio-

chemistry and molecular biology of fishes. Hochachka, P. W.

and Mommsen, T. P., (eds), pp. 1–38, Elsevier, Amsterdam.

Miller, M. J., Mochioka, N., Otake, T. and Tsukamoto, K. 2002. Evi-

dence of a spawning area of Anguilla marmorata in the western

North Pacific. Mar. Biol. 138: 887–895.

Minegishi, Y., Aoyama, J., Inoue, J. G., Miya, M., Nishida, M. and

Tsukamoto, K. 2005. Molecular phylogeny and evolution of

the freshwater eels genus Anguilla based on the whole mito-

chondrial genome sequences. Mol. Phylogenet. Evol. 34:

134–146.

Minegishi, Y., Aoyama, J. and Tsukamoto, K. Multiple pooulation

structure of the giant mottled eel Anguilla marmorata. Mol.

Ecol. (2008 in press).

Miya, M. and Nishida, M. 1996. Molecular phylogenetic perspective

on the evolution of the deep-sea fish genus Cyclothone (Stomi-

iformes: Gonostomatidae). Icthyol. Res. 43: 375–398.

O’Reilly, K. M. and Horn, M. H. 2004. Phenotypic variation among

populations of Atherinops affinis (Atherinopsidae) with in-

sights from a geometric morphometric analysis. J. Fish Biol.

64: 1117–1135.

Sang, T. K., Chang, H. Y., Chen, C. T. and Hui, C. F. 1994. Popula-

tion structure of the Japanese eel, Anguilla japonica. Mol.

Biol. Evol. 11: 250–260.

Schmidt, J. 1925. The breeding places of the eel. Smithsonian Ins.

Annu. Rep. 1924: 279–316.

Shen, K. N. and Tzeng, W. N. 2007. Genetic differentiation among

populations of the shortfinned eel Anguilla australis from East

Australia and New Zealand. J. Fish Biol. 70: 177–190.

Shields, G. S. and Kocher, T. D. 1991. Phylogenetic relationship of

North American ursids based on analysis of mitochondrial

DNA. Evolution 45: 218–221.

Tabeta, O, Takai, T. and Matsui, I. 1976. The sectional counts of ver-

tebrae in the anguillid elvers. Jpn. J. Ichthyol. 22: 195–200.

Tesch, F. W. 1977. The eel: Biology and management of anguillid

eels. Chapman and Hall, London.

Tseng, M. C., Tzeng, W. N. and Lee, S. C. 2006. Population genetic

structure of the Japanese eel Anguilla japonica in the north-

west Pacific Ocean: evidence of non-panmictic populations.

Mar. Ecol. Prog. Ser. 308: 221–230.

Tsukamoto, K. 1992. Discovery of the spawning area for Japanese

eel. Nature 356: 789–791.

Tsukamoto, K. 2006. Spawning of eels near a seamount. Nature

439: 929–929.

Tsukamoto, K. and Aoyama, J. 1998. Evolution of the freshwater

eels of the genus Anguilla: a probable scenario. Environ. Biol.

Fish. 52: 139–148.

Tsukamoto, K., Aoyama, J. and Miller, M. J. 2002. Migration, speci-

ation, and the evolution diadromy in anguillid eels. Can. J.

Fish. Aquat. Sci. 59: 1989–1998.

Uiblein, F. 1995. Morphological variability between populations of

Neobythites stefanovi (Pisces: Ophidiidae) from the deep Red

Sea and the Gulf of Aden. Mar. Ecol. Prog. Ser. 124: 23–39.

Watanabe, S., Aoyama, J. and Tsukamoto, K. 2004. Reexamination

of Ege’s (1939) use of taxonomic characters of the genus An-

guilla. Bull. Mar. Sci. 74: 337–351.

Watanabe, S., Aoyama, J. and Tsukamoto, K. 2005. A molecular ge-

netic evaluation of the taxonomy of eels of the genus Anguilla

(Pisces: Anguilliformes). Bull. Mar. Sci. 76: 675–690.

Coastal Marine Science 32

28



Watanabe, S., Aoyama, J. and Tsukamoto, K. 2006. Reconfirmation

of morphological differences between A. australis australis

Richardson and A. australis schmidtii Phillipps. NZ. J. Mar.

Freshw. Res. 40: 325–331.

Watanabe, S., Aoyama, J., Miller, M. J., Ishikawa, S., Feunteun, E.

and Tsukamoto, K. Evidence of population structure in the

giant mottled eel, Anguilla marmorata, using total number of

vertebrae. Copeia. (2008 in press).

Wilson, E. O. and Brown, W. L. 1953. The subspecies concept and

its taxonomic application. Syst. Zool. 3: 97–111.

Wirth, T. and Bernatchez, L. 2001. Genetic evidence against pan-

mixia in the European eel. Nature 409: 1037–1040.

Wirth, T. and Bernatchez, L. 2003. Decline of North Atlantic eels: a

fatal synergy? Proc. Roy. Soc. Lon. B. 270: 681–688.

Watanabe S. et al.: Subspecies issues of the genus Anguilla

29


