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Sexual and asexual reproduction of queens in a myrenant,Vollenhovia emeryi

(Hymenoptera: Formicidae)

Misato kAMOTO, Kazuya KOBAYASHI, Eisuke ASEGAWA & Kyohsuke G1KAWARA

Abstract

Sexual reproduction is more common than asexuabdetion in eukaryotes. There are few species wfiligate

clonality, and most clonal organisms maintain sereroduction. Organisms tend to couple sexualodyction with
dispersal, or changes in the environment. Thesdtéively clonal species use both reproductiveesys to reduce the
costs of clonality, and to gain benefits of sexyalin recent decades, clonal reproductive systeave been discov-
ered in some eusocial insects. In the myrmicineVatienhovia emeryi previous research has documented that new

» queens are produced clonally with complete, diploidternal genomes. Usually, new queens have aidirhentary
wings and cannot fly, suggesting that dispersalevf colonies is limited. However, some new queeitis functional
long wings occur in natural colonies, in additionshort-winged queens. In this study, we analybedréproductive
modes of long-winged queens and short-winged quéeiagreement with previous data, most short-wdnggéeens were
produced asexually. However, mature colonies artdtimnally rich colonies tend to produce long-wadjqueens
sexually. Since long-winged queens may encounffarelint environments after dispersal, higher gerditiersity should
be advantageous to increase adaptability. THuemeryi may haveevolved a reproductive strategyrmaximize ad-
vantages of both clonal and sexual reproductioim ather facultatively clonal organisms.
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Introduction

The evolutionary significance of sexual and clamglro-
duction has been of great interest to biologisksn&l pro-
duction is advantageous in stable habitats beqmrsmmes
well adapted to the environment are not disrupteselxual
admixture and recombinationgFSENSTEIN1974, BARTON
& CHARLESWORTH1998 WEST& al. 1999). In addition,
clonality facilitates the rapid establishment cdpecies
because there is no requirement for mating withneas
(MAYNARD-SMITH 1971). However, it is widely accepted
that clonal reproduction is likely to produce lovgemetic
diversity, and adaptation to environmental distndes will
be decreased. In addition, clonality causes amaglation
of harmful mutations in the genomes of individugiL-
LER 1964, FELSENSTEIN1974,NORMARK & al. 2003). Con-
sequently, species with clonal reproduction tencetain
the capacity for sexual reproduction for dispessahs to
minimize the risk of extinction (HEMSKE& LANDE 1985).

for non-dispersing and dispersing offspring (orspfing

that are exposed to environmental changeu¥®N 1999,
SIMON & al. 2002,GREEN& FIGUEROLA 2005). These or-
ganisms tend to couple dispersal with sexual reprioh
because genetic variation and higher adaptabiiibylsl be
required for survival in novel habitats AM VALEN 1973,
WILLIAMS 1975), suggesting that these species maximize
advantages of both reproductive systems.

Recent studies have shown that reproduction stesteg
are diversified in eusocial Hymenoptera, especiallgnts
(ANDERSON& al. 2008). Usually, diploid females are pro-
duced by sexual production, and castes (queen®or w
kers) are determined by environmental or hormoaed f
tors, whereas haploid males inherit only half & thater-
nal genomeE MENTEN & al. 2005, $HWANDER & al.
2008, LUBBRECHT & al. 2013). However, new examples of
asexual reproduction have been discovered in &otsRt

Organisms using parthenogenesis, such as manysplantNIER & al. 2005, KOBAYASHI & al. 2008, RARCY & al.
aphids,Daphnia, and many other facultatively clonal orga- 2011). The reproductive systems\Wigismannia auropunc-

nisms, seem to use two reproductive systems conéllty

tata, Vollenhovia emeryi, andParatrechina longicornis are



particularly noteworthy. Queens and males are predu
asexually in these species, whereas sterile wogkerpro-
duced sexually (BURNIER & al. 2005, KOBAYASHI & al.
2008, RARCY & al. 2011). Clonal production of new queens
may be advantageous for social insects becaube tigh
genetic relatedness it achieves within colonieswvéier,
genetic diversity never increases as long as tkeyounly
clonal reproduction for production of new reprodues.

In Vollenhovia emeryi, most queens do not have the
capacity to disperse because of defective shorgsvi®ur
dissection of colonies collected from 2008 to 28fh6wed
that 98% of short-winged-queens (392 queens frokh 27
colonies) mate in the nest before hibernation. Aftber-
nation, colonies split by budding §RAWARA & al. 2002).
Nests ofV. emeryi are distributed within a small area (see
Materials and Methods), and may risk extinction tua
combination of limited dispersal and low effectpepu-
lation size. In this study, we show that coloniesduce
long-winged queens in addition to short-winged ausee
We hypothesize that. emeryi may conditionally use clo-
nal and sexual reproductive systems to produce-siod
long-winged queens, respectively, in a manner aimd
the facultative sexual / asexual systems of othecies
(GouyON 1999,GREEN& FIGUEROLA 2005). To determine
the reproductive system of long-winged queené iameryi,
we used microsatellite markers to compare genotgpes
long-winged queens and their parents. In additiothe
laboratory, we tried to identify factors that indygroduc-
tion of long-winged queens by varying nutritionahditions.

Materials and M ethods

Field collection: Vollenhovia emeryi was identified us-
ing the key in HE MYRMECOLOGICAL SOCIETY OFJAPAN
(1992); the ant is found in secondary forests thhmut
Japan. We collectéd. emeryi colonies at two sites, in Ishi-
kawa (SD site, 36° 35' N, 136° 35' E) and in Toydne:
fectures (TK site, 36° 45' N, 137° 1' E) in Jadaom May
to October 2008. Field surveys confirmed that papul
tions at these sites were composed of coloniesazong
short-winged queens. The SD population occupiedraa
of about 5 m x 8 m and the TK population was alt3onit
x 10 m.

Microsatelliteanalysis: To examine reproductive modes
of these colonies, we genotyped all dealate (quibahsiave
lost their wings after mating) queens, the sperrhair

spermathecae, all new queens (short- and long-winge

gueens), and all males from collected coloniesainirtg
long-winged queens. In each colony, ten workersevger
lected randomly and genotyped. DNA extraction agbg
typing were performed using methods described puesvi
ly (OHKAWARA & al. 2006). We amplified DNA microsat-
ellite loci using the following primerd:-5, Myrt-3, Vems-
14, andVems-78 (KOBAYASHI & al. 2010).

Conditions for inducing long-winged queensin the

b

Fig. 1: Wing dimorphism itv. emeryi. () Short- and (b)
long-winged queens produced from the same colony.

every four days. We balanced the number of workats
gueens in each colony between the two experimegraaps.
These colonies were collected in April 2011 at$fesite
and maintained until October 2011. New short- amay
winged queens were dissected to check for inseroimat
by observation of the spermatheca.

Results

M orphological differences between short- and long-
winged queens. We collected 63 and 17 colonies from the
SD and TK sites, respectively, including new reprod
tives in 2008. New queens exhibited wing dimorphiem
five SD colonies and six TK colonies. These queesie
classified according to wing length: short-wingadkens
(wing = 1.05 £ SD 0.02 mm, n = 10, Fig. 1a) andgion
winged queens (wing = 2.96 + SD 0.02 mm, n = 1@, Fi
1b). Wing lengths from the two groups differed figant-
ly (p < 0.0001, 1= 1453.32, one-way ANOVA).
Genetic data: DNA was collected from individuals
sampled from 11 colonies (five at site SD and $iXk)
that produced both queen morphs. In total, we seanp8
dealate queens, 95 short-winged queens, 17 longedin
queens, 110 workers, and 51 males. We amplifiedamic
satellite lociL-5 (7 alleles) Myrt-3 (3 alleles) Vems-78
(5 alleles), and/ems-14 (4 alleles) (Tabs. S1 and S2, Ap-
pendix, as digital supplementary material to thiscke,
at the journal's web pages). In five colonies frive SD

laboratory: Our field observations (see Results) showedsite, genotypic differences among dealate queemkerns,

that colonies containing more new reproductivesipced
more long-winged queens, suggesting that nutrilipniah
colonies tend to produce long-winged queens intaudi
to short-winged queens. To determine the effectuwrfi-
tional factors on long-winged queen production, rere
corded the number of new queens produced in latryrat
colonies kept under different conditions, i.e.,heigolo-
nies fed once every two days and eight colonieofex
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short-, and long-winged queens, were observed &t
Myrt-3, andVems-78, whereas genotypic differences were
observed at -5, Vems-78, andVems-14 in six colonies
from the TK site. All dealate queens and 97.1% @b

of short winged-queens from the SD and TK sitespeae-
tively, were homozygous for all loci (Fig. 2). lortrast,
almost all workers and long-winged queens wererbete
zygous (Fig. 2).



H: Homozygous M: Heterozygous

N=38 N=95 N=109 N=17 1, N=17 N=60 N=57 N=10
0.5 0.5
a 0 c O
1 N=38 N=95 N=110 N=17 1 N=21 N=34 N=50 N=7
0.5 0.5
b 0 d ol
DQ SQ Worker LQ DQ SQ Worker LQ

Fig. 2: Frequency of homozygous and heterozygouqd#@late queens), SQ (short-winged queens), warked LQ
(long-winged queens) at four microsatellite loai} I(-5, (b) Vems-78, (¢) Vems-14 and (d)Myrt-3.

As shown in Tables S1 and S2, inheritance pati@fns To check mating behavior of short- and long-winged
genotypes at all microsatellite loci suggest thedldte  queens produced in the laboratory, we dissect&Y alhort-
gueens and short-winged queens were produced #igexua winged queens and 19 of the 20 long-winged quesns (
whereas workers were produced sexually, as in pusvi  cluding the one female from a colony that produned
studies olvollenhovia emeryi (OHKAWARA & al. 2006,Ko- males). Dissection data showed that all 37 shonged
BAYASHI & al. 2008). However, long-winged queens were queens were inseminated, whereas none of the 19 lon
also heterozygous at most of the same loci as thikens.  winged queens were.

The heterozygote frequencies of short-, long-wingegens,
and workers were different at each locyfstést;L-5: y*=
250.0,P < 0.01;Vems-78: x*= 233.5,P < 0.01;Vems-14: Vollenhovia emeryi employs conditional asexual and sex-
x?=122.2,P < 0.01;Myrt-3: ¥*= 100.9,P < 0.01; Fig. 2).  ual production of new queens, which results in stamd
Worker and long-winged queens were predominantly helong-winged queens, respectively. Such an associt-
terozygous, whereas almost all short-winged queeme  tween reproductive system and wing morphology fws n
homozygous. been reported in any other clonal ants to dateziGusly,

Conditionsfor long-winged queen production in the V. emeryi has been characterized as belonging to the group
field and laboratory: For 63 colonies collected at SD and of ants that have strong genetic caste determm#fa-

17 collected at TK, the average number of new gsi@@n DERSON& al. 2008,SCHWANDER & al. 2010). However,
colonies producing both short- and long-winged asee colonies that acquired better nutrition not onlgdguced

Discussion

(31.44 £ SD 4.0) was higher than that in coloniexipc-  long-winged queens, but also more queens overah s
ing only short-winged queens (8.5 + 28 0.0001, Z =  gesting that environmental factors significantlieef caste
3.97; Mann-Whitney U-test), suggesting that colsiiav-  determination in this species.

ing resources to produce more new reproductives ten In addition, dissection data suggest that breelg
produce long-winged queens in addition to shortgsth  haviors differ between short- and long-winged qgeém
gueens. this species, all males have long functional wiagd in

Laboratory experiments involved eight colonies. §ho wild populations they are observed until early sutanm
supplied with better nutrition produced a totak6flong-  (OHKAWARA & al. 2002), although most new queens were
winged queens (average: 2.5 + SD 3.51) and 37 shortinseminated during autumn, before hibernation (s&re-
winged queens (average: 4.6 + SD 11.9), whereasiesl  duction), suggesting that long-winged queens piiglabte
with poorer nutrition did not produce any long-waty  with males derived from other colonies after hilaion.
queensP < 0.05, Z = 2.84; Mann-Whitney U-test). Some experiments that we performed independently in
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cated that long-winged queens can mate with mages d
rived from different populations and successfullgquce

a subsequent generation (M. Okamoto, K. Kobaydshi,
Hasegawa & K. Ohkawara, unpubl.).

Aird for editing our manuscript. This study was goaged
by funding from the Japanese Ministry of Educati®oi-
ence Sports, and Culture Grant for Overseas Résfdoc
20370030) and a JSPS Research Fellowship for ysting

Since short-winged queens lack the capacity to disentists (23-1357). Lastly, we thank the Okinawdilate

perse, it is difficult for them to invade new halté Thus,
production of dispersal queens may be advantageous
avoid extinction because of environmental degraaati
However, there is no strong evidence regardingockpr-
tive success of long-winged queens. Theoreticalistu
suggest that even if the survival rate of dispersetow
and the habitats of parents are stable (even i§tiheval
rate is zero), it is still advantageous to proddispersers
(HAMILTON & MAY 1977). ThusyVollenhovia emeryi colo-
nies may also benefit from disperser productiontlieir
reproductive success in the long term. Actuallypdurc-
tion of long-winged queens in addition to short-géd
gueens has been observed in other populationgib/gh
(D.B. Booher, unpubl.) and Korea (G. Jeong, unpubi.
general, sexual reproduction has the potentiahpadty
generate novel genetic variationAWVVALEN 1973,WILL -

of Science and Technology Graduate University thore-
search support.
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