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Cryptic Lineages in the Cardiocondyla sl. kagutsuchi Terayama (Hymenoptera: Formicidae) 
Discovered by Phylogenetic and Morphological Approaches

Introduction

Although most classic taxonomic techniques based 
on external morphology require a great deal of skill and are 
laborious, molecular markers based on DNA sequences have 
become a convenient and powerful genetic tool (Bickford 
et al., 2007) to unveil novel interspecific relationships, 
intraspecific variations, gene flow and adaptive mutations 
(Besansky et al., 2003; Molbo et al., 2003; Hebert et al., 2004; 
Murray et al., 2008; Cheng et al., 2011). Among such genetic 
concerns, detection of cryptic species can help us togain a 
deeper understanding of species interactions. In the field of 
myrmecology, this convenient tool has been used to detect 
several cryptic species among species complexes whose 
species status had been determined based mainly on external 
morphology (Schlick-Steiner et al., 2006; Ross et al., 2010; 
Yashiro et al., 2010; Bernasconi et al., 2011).

The ant genus Cardiocondyla (Formicidae: Myrmicinae), 
with approximately 70 described species (Bolton, 2014), 
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displays male wing polymorphism (Bolton, 1982; Kugler, 
1983; Seifert, 2003; Heinze et al., 2005; Oettler et al., 2010). 
Some species of this genus have both winged and wingless 
worker-like (ergatoid) males (dimorphic), while others have 
only ergatoid males (monomorphic). Winged males disperse 
from their natal nests using functional wings to seek mating 
partners when access to a virgin queen is unavailable within 
the nest. In contrast, ergatoid males stay in their natal nests 
and mate with virgin queens for the entirety of their lives 
(Kinomura & Yamauchi, 1987; Yamauchi & Kinomura, 1993; 
Heinze et al., 1998). The ergatoid males have well-developed 
mandibles and lifelong spermatogenesis. They engage in lethal 
fighting against other ergatoid rivals and monopolize virgin 
queens in their nests. In contrast, winged males are docile, 
have limited sperm supply, chemically mimic female sexuals 
and mate with virgin queens without being attacked by their 
wingless rivals (Kinomura & Yamauchi, 1987; Yamauchi & 
Kawase, 1992; Yamauchi & Kinomura, 1993; Heinze et al., 
1998; Cremer et al., 2002). Colonies of the male dimorphic 
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species are polygynous and have only a single ergatoid male 
as the result of lethal fighting (Kinomura & Yamauchi, 1987; 
Yamauchi & Kinomura, 1993; Heinze et al., 1998; Boomsma 
et al., 2005). In colonies of male monomorphic Cardiocondyla 
species, this single ergatoid male system seems to be the rule also 
for some species (Oettler et al. 2010), whereas not for others: 
a polygynous species, Cardiocondyla mauritanica, sometimes 
contains more than one ergatoid male, which kill only callow 
rivals and do not engage in lethal fighting against full-grown 
rivals. Some monogynous species, e.g., Cardiocondyla batesii, 
Cardiocondyla elegans and Cardiocondyla ulianini, usually 
contain more than one ergatoid male which are mutually tolerant 
(Boomsma et al., 2005, Schrempf et al., 2005, Lenoir et al., 
2007).

Cardiocondyla kagutsuchi sensu Seifert (2003), 
hereafter simply referred to as Cardiocondyla sl. kagutsuchi, is 
native to East and Southeast Asia, and has both monomorphic 
and dimorphic male groups (Seifert, 2003; Heinze et al., 2005; 
Yamauchi et al., 2005; Okita et al., 2013). The presence of 
both groups prompted us to hypothesize that C. sl. kagutsuchi 
presumably includes several independent species with 
differences in their male wing morphologies and modes of 
reproduction (Yamauchi et al., 2005; Seifert, 2008; Yamane, 
2010). However, whether any species boundary actually exists 
between the male groups has remained unsolved over the 10+ 
years since the previous revision of this genus (Seifert, 2003).

The male dimorphic group of C. sl. kagutsuchi is widely 
distributed from East Asia to South-East Asia, including Japan, 
whereas the male monomorphic group of the species occurs 
in Japan and Polynesian Islands including Hawaii (Yamauchi 
et al., 2005; Okita et al., 2013; Frohschammer and Heinze, 
2009). The male monomorphic group in Japan has more than 
one ergatoid male, whereas the male dimorphic group in Japan 
has only a single ergatoid male (Yamauchi & Kinomura, 
1993). The two groups in Japan were originally thought to 
be two distinct species because of the differences in male 
morphology (Terayama, 1999), but were later considered to be 
a single species because of the high morphological similarity 
between the worker castes of the two groups (Seifert, 2003). 
However, our previous phylogenetic analyses showed that the 
two groups can be classified into distinct lineages (Okita et 
al., 2013). Furthermore, the monomorphic group consisted of 
at least two lineages, with one of the monomorphic lineages 
at a considerable genetic distance from the other, i.e., the 
substitution rate of mtDNA COI/II was 3.7% (33bases/890, 
Okita et al., 2013). These phylogenetic analyses strongly suggest 
that worker caste morphology within the species complex C. sl. 
kagutsuchi should be compared among the lineages detected 
by phylogenetic analyses as well as between the male groups.  

In this study, using additional samples of C. sl. 
kagutsuchi collected in Japan, we re-analysed the phylogenetic 
relationships and examined morphological differences in the 
worker caste among the lineages detected by phylogenetic 
analyses. In addition, we examined the number of sexuals 

(males and females) present in field colonies especially to 
reveal whether each male monomorphic lineage of C. sl. 
kagutsuchi in Japan has multiple males and/or females or not 
in a single colony.

Materials and methods

Sample collection

We collected colonies of C. sl. kagutsuchi in Honshu, 
Shikoku, Kyushu and the Ryukyus from early summer to late 
autumn (May – November). As Terayama (1999) reported 
that this ant inhabits open areas, we searched for colonies on 
the seashore, parks and vegetable fields. When colonies were 
found in the soil, we collected the whole colony by carefully 
digging up the soil using a scoop. When whole colonies 
were difficult to access (e.g., several colonies were found in 
the gaps between tiles and stones), we collected at least 10 
workers from each colony at the colony entrances. In total, 
we studied specimens from 79 C. sl. kagutsuchi colonies, 
including one colony previously analysed by Heinze et al. 
(2005) and 20 from our previous study (Okita et al., 2013). 
Among the 79 colonies, 38 from 37 sites were collected from 
Honshu, Shikoku and Kyushu (temperate zone), 16 from 15 
sites were from Okinawa Island (subtropical zone) and 25 from 
18 sites were from Ishigaki and Iriomote islands (subtropical 
zone). Ants were preserved in 99.5% ethanol or brought live to 
our laboratory after field collection. We counted the numbers 
of sexuals (winged males, ergatoid males, winged females 
and wingless females) present in field colonies if applicable. 
For morphological analysis, we also examined paratype 
workers (n = 4) of C. sl. kagutsuchi, and nontype material of 
Cardiocondyla strigifrons Viehmeyer, 1922 (one colony). Note 
that the colony of C. strigifrons was collected by Dr. Yamauchi 
in Indonesia, and it was identified as C. strigifrons in Seifert 
(2003) and treated as C. strigifrons in previous phylogenetic 
analyses (Heinze et al., 2005; Okita et al., 2013).

Phylogenetic analysis

An 829-bp fragment of the COI/II regions deleting 
the tRNA leucine region between COI and COII was used for 
phylogenetic analysis. DNA was extracted from individual 
workers using Landry’s method (Cheung et al., 1993). The 
dried DNA pellet was suspended with autoclaved distilled 
water (DW2) and preserved at –20°C until further analysis. 
We amplified COI/II using the primers C1-J-2195 and C2-
N-3661, respectively (Simon et al., 1994). Polymerase chain 
reaction (PCR) was performed in mixtures containing 2 μl of 
template DNA suspended with DW2, 0.55 μM of each primer, 
0.65 U of Ex Taq Hot Start Version (TaKaRa, Otsu, Shiga, 
Japan), 10× PCR Buffer (100 mM Tris–HCl, pH 8.3, 500 mM 
KCl, 15 mM MgCl2) and 0.25 mM of each deoxynucleoside 
triphosphate in a Thermal Cycler (Dice ver. III TP600; 
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TaKaRa). PCR consisted of an initial denaturation at 95°C 
for 4 minutes followed by 34 cycles of denaturation at 95°C 
for 1 minute, annealing at 59°C for 1 minute and extension at 
72°C for 2 minutes. Amplified DNA was purified using a PCR 
Purification Kit (Qiagen, Hilden, Germany). All products 
were sequenced using a BigDye™ Terminator v 3.1 Cycle 
Sequencing Kit (Applied Biosystems, Foster City, CA, USA) 
and the primers C1-J-2195 (Simon et al., 1994) and 3F (Okita 
et al., 2013) designed as an internal primer between C1-J-
2195 and C2-N-3661 with the ABI PRISM 3100 (Applied 
Biosystems). Sequencing reactions consisted of one cycle 
of 1 minute at 96°C, 25 cycles of 10 s at 96°C, 5 s at 50°C 
and 4 minutes at 60°C, then stopped by cooling to 4°C. We 
obtained sequences of all 79 colonies of C. sl. kagutsuchi 
from Japan, among which the sequences of 21 colonies had 
already been obtained in previous studies and consisted of 
only four haplotypes (Heinze et al., 2005; Okita et al., 2013; 
accession numbers: DQ023082, AB723724, AB723725, 
AB723726, AB723727; DQ023082 was the same haplotype 
as AB723724). For phylogenetic analysis, we obtained an 
additional 25 sequences (Heinze et al., 2005) from GenBank 
(accession numbers: AY754686, DQ023061, DQ023064, 
DQ023068, DQ023071, DQ023080, DQ023081, DQ023083, 
DQ023084, DQ023085, DQ023086, DQ023087, DQ023088, 
DQ023089, DQ023091, DQ023094, DQ023095, DQ023096, 
DQ023102, DQ023105, DQ023107, DQ023108, DQ023109, 
DQ023113, DQ023118). Eight of the 25 sequences were 
those of C. sl. kagutsuchi detected in Hawaii, Indonesia and 
Malaysia, and 15 sequences were those of other Cardiocondyla 
species, including Cardiocondyla atalanta, C. batesii, C. 
bulgarica, C. elegans, C. koshewnikovi, C. mauritanica, C. 
minutior, C. nigra, C. obscurior, C. parvinoda, C. stambuloffi, 
C. strigifrons, C. tjibodana, C. ulianini and C. wroughtonii. 
The other two sequences of Monomorium pharaonis and 
Harpagoxenus sublaevis were used as outgroups according to 
previous phylogenetic studies (Heinze, 2005; Moreau, 2006).

Phylogenetic relationships were inferred from the 
sequences aligned using CLUSTALW (Thompson et al., 1994) 
with distance, maximum likelihood and Bayesian methods. 
A neighbour-joining tree with Kimura 2-parameter distance 
method (Kimura, 1980) and a maximum likelihood tree 
applying a general time-reversible model with an invariable 
and a γ-distributed substitution rate (GTR+I+G) model 
selected by Bayesian information criterion (BIC) scores 
were constructed using MEGA5.2 (Tamura et al., 2011), with 
bootstrap values estimated from 5000 replicates. Bayesian 
inference was performed using MrBayes ver. 3.2.2 (Ronquist 
et al., 2012) with the GTR+I+G model selected by Akaike 
information criterion (AIC) scores in MrModeltest 2.3 
(Nylander, 2004). Two runs with four chains of Markov 
chain Monte Carlo iterations were performed for 1,000,000 
generations. Trees were kept every 100 generations, and the 
latest 75% of trees were used to calculate the 50% majority-
rule trees and to determine the posterior probabilities.

Morphological analysis 

We randomly selected five workers from each of 
the 79 colonies of C. sl. kagutsuchi originating in Japan and 
compared the worker morphologies of each lineage based on our 
phylogenetic analyses. We measured six body parts (Fig 1) of 
the workers, including the paratypes (n = 4) of C. sl. kagutsuchi, 
using a stereomicroscope (SZX7; Olympus, Tokyo, Japan) 
connected to a digital camera (DP21; Olympus) and digital 
imaging software (CellSens Standard; Olympus) or a scanning 
electron microscope (SEM; JSM-6610LA; JEOL, Tokyo, Japan). 
The measured parts were selected according to Seifert (2003). 
The following explanations of measured body parts are the same 
as those of Seifert (2003), with some minor modifications:

1. Head length (HL): maximum head length in the 
median line; excavation of the posterior margin of the head 
reduces the HL. 

2. Head width (HW): maximum head width including 
the eyes.

3. Metanotal groove (MGr): depth of the metanotal 
groove or depression in lateral view, measured from the 
tangent connecting the dorsalmost points of the promesonotum 
and propodeum.

4. Spine height (SpH): height of the propodeal spine 
in lateral view, measured from the tangent connecting the 
dorsalmost points of the propodeum and propodeal spine to 
the meniscus between the propodeum and propodeal spine.

5. Petiole length (PeL): diagonal maximum length of the 
petiole in lateral view, measured from the anterior corner of the 
subpetiolar process to the posterodorsal corner of the petiole.

6. Petiole height (PeH): maximum petiole node height.

Fig 1. Six measured parts (HL, HW, MGr, SpH, PeL, PeH) of 
Cardiocondyla sl. kagutsuchi workers for morphological analysis. 
These figures were drawn from the SEM photographs of the specimens. 
The left figure represents a dorsal view of the head, the middle shows 
a lateral view of the mesosoma and that on the right is a lateral view 
of the petiole. HL, HW, MGr, SpH, PeL and PeH represent the head 
length, head width, depth of the metanotal groove, height of the 
propodeal spine, petiole length and petiole height, respectively.

Following the measurements, canonical discriminant 
analysis (DA) was performed using SPSS v. 22 (SPSS Inc., 
Chicago, IL, USA) to determine whether the mtDNA lineages 
would be compatible with differences in the external morphology 
of the workers. Using a stepwise method, we selected 
characteristic measurements that minimized the overall Wilk’s 
λ and used them for the DA. After running “Leave-One-Out 
Cross-Validation” analysis, we examined the compatibilities 
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between mtDNA lineages and external morphology. In cases 
in which compatibility was detected, we applied the obtained 
discriminant functions to the morphological data on paratype 
workers (n = 4) of C. kagutsuchi and determined whether 
the paratypes could be classified to one of the lineages. 
Furthermore, our previous phylogenetic study (Okita et 
al., 2013) showed that the genetically closest species to C. 
sl. kagutsuchi was C. strigifrons, which was distinguished 
from C. sl. kagutsuchi by the dorsal mesosomal sculpture 
of the worker caste (Seifert, 2003). Therefore, in this study, 
we randomly selected one worker from each colony of the 
lineage that was genetically closest to C. strigifrons, as well as 
five workers from the colony of C. strigifrons, and examined 
whether the selected workers of C. sl. kagutsuchi could be 
distinguished from these five workers of C. strigifrons based 
on the dorsal mesosomal sculpture using a stereomicroscope 
or SEM. The ratio of “Head length” to “Head width” (HL/
HW) of C. strigifrons workers is known to be larger than that 
of C. sl. kagutsuchi (Seifert, 2003). Therefore, we examined 
the significance of differences between the mean HL/HW 
value of the selected five workers of C. strigifrons and that of 
all measured workers of the lineage genetically closest to C. 
strigifrons by the t test.

Fig 2. Neighbour-joining tree based on the mitochondrial COI/II genes (829 bp) of the ant genus Cardiocondyla and two other genera. 
Bootstrap support values in 5,000 pseudoreplicates for distance and likelihood analyses are shown by the left and right numbers at the node, 
respectively. The genera names are as follows: C—Cardiocondyla, M—Monomorium and H—Harpagoxenus. Geographic origins of C. sl. 
kagutsuchi and C. strigifrons are shown following their species names. Accession numbers of Lineages A, B, C and D of C. sl. kagutsuchi 
were AB723724, AB723726, AB723727 and AB723725, respectively. Lineage D was the same haplotype as DQ023088 (Hawaii). Accession 
numbers of other lineages of C. sl. kagutsuchi were as follows (*: DQ023083 and DQ023084, *1: DQ023081, DQ023085, DQ023086 and 
DQ023087. *2: DQ023080). White circles indicate that both winged and ergatoid males were present, half-white and half-filled circles 
represent both short-winged and ergatoid males and filled circles denote ergatoid males only (Heinze et al., 2005; Yamauchi et al., 2006; Okita 
et al., 2013). Male morphology of lineage B was based on Okita’s personal observations. No males were found for C. atalanta, C. parvinoda 
and C. tjibodana. The number of colonies and sampling sites of each of the four C. sl. kagutsuchi lineages in Japan are as follows: lineage A, 
33 colonies in 32 sites; lineage B, 15 colonies in 14 sites; lineage C, 10 colonies in 3 sites; lineage D, 21 colonies in 21 sites (Fig 4).

Results

Phylogenetic analyses and lineage distribution 

In previous studies (Heinze et al., 2005; Okita et al., 
2013), four haplotype sequences in the mtDNA COI/II regions 
were detected in C. sl. kagutsuchi from Japan. In this study, 
we obtained the same four haplotypes in 79 colonies of C. sl. 
kagutsuchi from Japan, including 58 newly collected colonies. 
That is, no new haplotypes were detected in this study. Briefly, 
C. sl. kagutsuchi from Japan was divided into four lineages (A, 
B, C and D), which corresponded to haplotypes 1, 3, 4 and 2, 
respectively, in Okita et al. (2013), with accession numbers 
AB723724, AB723726, AB723727 and AB723725 (Figs 2, 3). 
In the phylogenetic trees, C. sl. kagutsuchi was divided into two 
distinct clades; one clade included lineages A, B and C, and the 
other included lineage D. The former clade was further divided 
into two subclades; one subclade included lineages A and B, 
and the other included lineage C. These results suggested that 
C. sl. kagutsuchi in Japan was likely divided into three genetic 
groups: the first consisting of lineages A and B, the second of 
C and the third of D. Based on these analyses, lineage D was 
genetically distant from the others. In fact, the substitution rates 
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A B C C. strigifrons

C. kagutsuchi

A - - - 4.0
B 0.2 - - 3.7
C 1.2 1.2 - 3.7
D 3.9 3.6 3.9 2.6

Table 1. Substitution rates (%) of mtDNA COI/II regions (829 bp) 
among four mtDNA lineages (A, B, C and D; Figs 2 and 3) of Car-
diocondyla sl. kagutsuchi in Japan and Cardiocondyla strigifrons.

Fig 3. Majority rule consensus tree based on the mitochondrial COI/II genes (829 bp) of the ant genus Cardiocondyla and two other genera from 
Bayesian analysis (1,000,000 generations). The posterior probabilities are shown at the node. The genera names are as follows: C—Cardiocondyla, 
M—Monomorium and H—Harpagoxenus. Geographic origins of C. sl. kagutsuchi and C. strigifrons are shown following their species names. 
Accession numbers of Lineages A, B, C and D of C. sl. kagutsuchi were AB723724, AB723726, AB723727 and AB723725, respectively. Lineage 
D was the same haplotype as DQ023088 (Hawaii). Accession numbers of other lineages of C. sl. kagutsuchi were as follows (*: DQ023083 and 
DQ023084, *1: DQ023081, DQ023085, DQ023086 and DQ023087. *2: DQ023080). White circles indicate that both winged and ergatoid males 
were present, half-white and half-filled circles show both short-winged and ergatoid males and filled circles denote ergatoid males (Heinze et al., 
2005; Yamauchi et al., 2006; Okita et al., 2013). Male morphology of lineage B was based on Okita’s personal observations. No males were found 
for C. atalanta, C. parvinoda and C. tjibodana. The number of colonies and sampling sites of four C. sl. kagutsuchi lineages in Japan were as follows: 
lineage A, 33 colonies in 32 sites; lineage B, 15 colonies in 14 sites; lineage C, 10 colonies in 3 sites; lineage D, 21 colonies in 21 sites (Fig 4).

between lineage D and the other three (>3.5%; Table 1) were 
higher than those of three Cardiocondyla species pairs, i.e., 
0.6% between C. obscurior and C. wroughtonii, 1.6% between 
C. minutior and C. tjibodana, and 3.1% between C. batesii and 
C. nigra. Furthermore, the substitution rates between lineage D 
and the other three were higher than those between lineage D 
and C. strigifrons (2.6%; Table 1).

Fig 4. Distribution map of Cardiocondyla sl. kagutsuchi lineages A, 
B, C and D in Japan.

Lineages A and D were distributed widely in the 
temperate and subtropical zones of Japan from Honshu (main 
island) to Ishigaki and Iriomote islands, lineage B was distributed 
in the subtropical zone of Japan from Okinawa Island to Ishigaki 
and Iriomote islands and lineage C was distributed only in the 
subtropical zone of Japan on Ishigaki Island (Fig 4).
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Morphological analyses

Phylogenetic analyses (Figs 2, 3) showed that C. sl. 
kagutsuchi in Japan was clearly divided into four lineages. 
Therefore, we measured and analysed six body parts (Fig 1) 
of workers of the following samples: lineage A, 165 workers 
(33 colonies) in 32 sites; lineage B, 75 workers (15 colonies) 
in 14 sites; lineage C, 50 workers (10 colonies) in 3 sites; 
lineage D, 105 workers (21 colonies) in 21 sites (Fig 4). These 
data are available from the Online Supplementary Material. 
The means ± SE (μm) of the six measurements (Fig 1) of the 
four lineages are shown in Table 2.

Lineage HL HW MGr SpH PeL PeH
A 556.6 ± 2.0 465.1 ± 1.4 8.0 ± 0.2 4.7 ± 0.1 303.7 ± 1.3 157.3 ± 0.7
B 563.3 ± 2.7 467.0 ± 2.2 7.8 ± 0.2 4.8 ± 0.2 306.5 ± 1.5 158.9 ± 0.8
C 563.6 ± 3.2 472.1 ± 2.7 9.1 ± 0.4 7.8 ± 0.3 308.0 ± 2.4 149.5 ± 1.2
D 566.8 ± 2.2 482.7 ± 1.9 12.0 ± 0.3 10.2 ± 0.2 308.2 ± 1.5 165.0 ± 0.8

Table 2. Metric traits (mean ± SE, μm) of six measured parts (Fig 1) obtained from the four mtDNA lineages (A, B, C and D) of Cardio-
condyla sl. kagutsuchi workers in Japan. HL, HW, MGr, SpH, PeL and PeH designate the head length, head width, depth of the metanotal 
groove, height of the propodeal spine, petiole length and petiole height, respectively.

Table 3. Classification of predicted lineage for lineages A, B, C and 
D of Cardiocondyla sl. kagutsuchi workers in Japan using discrimi-
nant analysis (DA). Numerical values are the number of individuals 
that DA classified into each of the four lineages.

Table 4. Discriminant scores (mean ± SE) of each lineage (A, B, C and 
D) of Cardiocondyla sl. kagutsuchi in Japan. A plus or minus sign on 
the discriminant score of each lineage shows that the first function dis-
criminates lineage D and the second function discriminates lineage C. 

 Lineage
Predicted lineage

A B C D Total correct (%)
 A 70 76 9 10 70/165 (42.4)
 B 38 30 6 1 30/75 (40.0)
 C 3 1 45 1 45/50 (90.0)
 D 0 3 0 102 102/105 (97.1)

Lineage
Function

 1  2
A –0.924 ± 0.080 –0.572 ± 0.072
B –0.924 ± 0.111 –0.657 ± 0.124
C –0.543 ± 0.108 +2.165 ± 0.117
D +2.495 ± 0.105 –0.294 ± 0.109

the second function discriminated lineage C. Using the first 
and second functions, the discriminant scores of all individual 
workers are plotted in Fig 5. 

Briefly, our DA showed that C. sl. kagutsuchi, distributed 
from Honshu to Ishigaki and Iriomote islands, consisted of three 
morphological groups compatible with the mtDNA lineages: 
lineages A and B could be compiled as the first group, lineage 
C as the second group and lineage D as the third group (Fig 5). 
The standardized discriminant function coefficients (Table 5) 
showed that the third group (lineage D) had larger SpH, PeH 
and MGr and smaller PeL than the other two groups, and the 
second group (lineage C) had a larger PeL and smaller PeH 
than the other two groups with regard to worker morphology. 
SEM photographs (Fig 6) show these morphological 
characteristics in the three groups. In addition, we applied the 
obtained discriminant functions to the morphological data on 
worker paratypes (n = 4; data are available from the Online 
Supplementary Material) of C. sl. kagutsuchi, and all of these 
paratypes were assigned to the second group (lineage C; Fig 5) 
with high probabilities (0.963, 0.935, 0.911, 0.996). 

　
Function

1 2
SpH 0.806 0.424
MGr 0.425 0.195
PeH 0.852 –1.688
PeL –0.970 1.346

Table 5. Standardized coefficients of the two discriminant func-
tions. The first function discriminates lineage D and the second 
function discriminates lineage C of Cardiocondyla sl. kagutsuchi in 
Japan (Table 4). SpH, MGr, PeH and PeL designate the height of the 
propodeal spine, depth of the metanotal groove, petiole height and 
petiole length, respectively. 

Selected characteristic measurements using a stepwise 
method in the DA included SpH, PeH, PeL and MGr in 
order of selection, and these characteristic measurements 
contributed significantly to the discrimination (Wilk’s λ = 0.169, 
F12,1026.843 = 81.993, P < 0.001). The rate of individual workers 
correctly assigned to lineage A by the DA was 42.4%, that of lineage 
B was 40.0%, that of lineage C was 90.0% and that of lineage D 
was 97.1% (Table 3). These rates showed that our DA correctly 
discriminated each of lineages C and D from the other three lineages, 
whereas they failed to discriminate between lineages A and B 
(Table 3). Two canonical discriminant functions that significantly 
discriminated between the lineages were obtained: the first 
function (Wilk’s λ = 0.169, d.f. = 12, χ2 = 693.422, P < 0.001 was 
+ 0.175 × MGr + 0.104 × PeH – 0.062 × PeL – 1.731, and the 
second function (Wilk’s λ = 0.547, d.f. = 6, χ2 = 235.308, P < 0.001) 
was + 0.080 × MGr – 0.207 × PeH + 0.086 × PeL + 4.238. The 
first function explained 73.1% of the variance, while the second 
function explained 26.6%. 

The average discriminant scores of each lineage (Table 
4) showed that the first function discriminated lineage D and 
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Our phylogenetic studies showed that the lineage 
genetically closest to C. strigifrons was lineage D (Table 1, Figs 
2, 3), and we examined whether lineage D was morphologically 
distinguishable from C. strigifrons. Visual inspection of 
the deviating dorsal mesosomal sculpture (a morphological 
criterion used by Seifert (2003) to separate C. strigifrons from 
C. kagutsuchi) of lineage D and C. strigifrons revealed that all 
workers of lineage D examined could be clearly discriminated 
from C. strigifrons; the circular sculptures (foveolae) of 
the dorsal promesonotum of C. strigifrons were apparently 
shallower than in lineage D. Furthermore, the number of 
sculptures of C. strigifrons was considerably less than that of 
lineage D (Fig 7). The mean value of HL/HW for all measured 
workers of lineage D (mean ± SE, 1.175 ± 0.002, n = 105) was 
significantly different from that of C. strigifrons (1.274 ± 0.010, 
n = 5; tcal = –10.13, d.f. = 108, P < 0.001; morphological data 
are available from the Online Supplementary Material).

Fig 5. Scatter plot of the discriminant scores of individual workers 
of Cardiocondyla sl. kagutsuchi in Japan using the first and second 
functions: lineage A (open circle, n = 165 workers), lineage B 
(filled circle, n = 75 workers), lineage C (diamond, n = 50 workers), 
lineage D (triangle, n = 105 workers) and paratypes (filled square, 
n = 4 workers). Ellipses are 95% confidence limit lines.

Fig 6. SEM images of the workers of group consisting of lineages A 
and B (i and ii) of Cardiocondyla sl. kagutsuchi, those of lineage C 
(iii and iv) and those of lineage D (v and vi). Pictures on the left dis-
play a lateral view of the mesosoma and pictures on the right show a 
lateral view of the petiole. Each scale bar is 100 μm.

Number of sexuals per colony

We obtained a total of 24 colonies containing sexuals; 
seven colonies were from lineage A, one colony was from 
lineage B, eight colonies were from lineage C and nine were 
from lineage D (Table 6). Among these 24 colonies, four 
contained no female sexuals, probably due to incomplete 
sample collection. Irrespective of incomplete sample collection, 
our data (Table 6) showed that nearly half of the colonies from 
lineages A and D contained more than one ergatoid male 
(lineage A: 3/7, lineage D: 4/9) and wingless females (lineage 
A: 5/7, lineage D: 6/9).

 With regard to male morphology, our previous study 
(Okita et al., 2013) showed that lineages A and D were 
monomorphic (only ergatoid males) and lineage C was 
dimorphic (winged and ergatoid males). The results of this 
study (Table 6) agreed with those reported previously. We 
obtained only one colony containing sexuals in lineage B. 
This colony produced several ergatoid males and no winged 
males for more than 1.5 years under laboratory conditions 
(Okita, personal observation).

Discussion

This study showed that C. sl. kagutsuchi in Japan 
consisted of three groups that differed in both mtDNA 
sequences and worker morphology: lineages A+B, C and D.

Originally, C. kagutsuchi Terayama, 1999 was the 
species name given to the endemic ant collected from Ishigaki 
Island known to have both winged and ergatoid males 
(Terayama, 1999). With regard to the distribution area and 
male morphology of our samples, lineage C has so far been 
collected only from Ishigaki Island (Fig 4), and most of the 
examined colonies (6/8) contain winged males or both winged 
and ergatoid males (Table 6) as mentioned by Terayama (1999). 
Furthermore, our DAs showed that all paratypes of worker C. 
kagutsuchi (n = 4) were assigned to lineage C (Fig 5) with 
high probabilities (0.963, 0.935, 0.911, 0.996). Thus, lineage 
C is likely assigned to C. kagutsuchi Terayama,1999 for the 
following three reasons: i) a high morphological similarity 
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between lineage C and the paratype of C. kagutsuchi; ii) the 
presence of male dimorphism in lineage C as mentioned by 
Terayama (1999); and iii) an overlapping distribution between 
lineage C and the paratypes. The substitution rates between 
the group of lineage D and the other two groups consisting of 
lineages A+B and C were more than 3.5% (Table 1), which was 
higher than those of three Cardiocondyla species pairs (Figs 
2, 3). Schlick-Steiner et al. (2006) considered certain lineages 
of Tetramorium ants in Europe as new species, in which the 
interspecific substitution rates of the mtDNA COI region 
were between 1.6% and 8.5%. The observed substitution 
rates between the group of lineage D and the other two groups 
consisting of lineages A+B and C (>3.5%, Table 1) showed a 
fair amount of overlap with the interspecific substitution rates 
of the European Tetramorium ant species pairs (between 1.6% 
and 8.5%), suggesting that lineage D is a distinct species from 
the other two groups. Furthermore, with regard to morphology, 

97.1% of the workers in lineage D were correctly assigned 
to the same lineage by the DA (Table 3). This morphological 
analysis strongly suggested that lineage D is a distinct species. As 
the previous revision of this genus (Seifert, 2003) showed that C. 
strigifrons, which was genetically the closest species to lineage D 
(Figs 2, 3), was distinguished from C. sl. kagutsuchi by the dorsal 
mesosomal sculpture and head shape of the worker caste, we 
easily distinguished lineage D from C. strigifrons lineages based 
on sculpture (Fig 7) and the head shape of workers. Furthermore, 
the rate of mtDNA substitution between C. strigifrons and lineage 
D (2.6%) was higher than those of the two Cardiocondyla species 
pairs (0.6% between C. obscurior and C. wroughtonii, 1.6% 
between C. minutior and C. tjibodana), and the lower extreme 
of those of the European Tetramorium ant species pair (1.6%; 
Schlick-Steiner et al., 2006). These evidences strongly suggest 
that lineage D is a distinct species from C. strigifrons.

In this study, we showed that three phylogenetic and 
morphological groups (lineages A+B, C and D) exist within 
C. sl. kagutsuchi in Japan. Furthermore, our previous study 
(Okita et al., 2013) showed that lineages A and D were male 
monomorphic, while lineage C was dimorphic. That is, male 
monomorphic C. sl. kagutsuchi in Japan includes at least two 
lineages differing in worker morphology. 

Table 6. Number of sexuals present in 24 field colonies of Car-
diocondyla sl. kagutsuchi in Japan. We counted the number only if 
collected colonies contained sexuals. Four colonies did not have any 
female sexuals, possibly due to incomplete sample collection. 

Lineage

Number of
Month of
collectionmale sexuals female sexuals

winged ergatoid winged wingless

A

0 0 0 2 May
0 0 1 0 July
0 3 0 0 July
0 2 13 19 August
0 1 1 3 September
0 1 3 5 November
0 4 5 4 November

B 0 2 0 1 June

C

2 1 2 0 May
1 0 0 1 June
1 0 0 1 June
1 0 0 0 June
1 0 0 0 June
0 0 1 13 June
0 0 0 1 June
1 1 3 1 June

D

0 3 0 1 June
0 2 3 0 June
0 1 14 4 August
0 1 0 0 August
0 3 22 9 August
0 6 65 58 September
0 0 4 7 September
0 0 2 4 September
0 1 1 2 October

Fig 7. SEM images of the dorsal promesonotum of the worker caste. 
The top is lineage D of Cardiocondyla sl. kagutsuchi and the bottom 
is Cardiocondyla strigifrons. Each scale bar is 50 μm.
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