Myrmecological News 21

49-57 Vienna, September 2015

Social parasitism and transfer of symbiotic baateriants (Hymenoptera: Formicidae)

Kukka HAAPANIEMI & Pekka PMILO

Abstract

The lack of phylogenetic congruence between endb®ymts and their hosts suggests that horizontakiréssion of

endosymbionts has occurred between species. Howtsgemechanisms of lateral transfer are largeljiaar. Since
successful transmission of infection most probalgigurs when genetic distance between species it soal para-
sitism between closely related species has beagestay to offer an important mechanism for intecgsetransfer of
Wolbachia. We compared th@/olbachia, Spiroplasma andEntomoplasma infections of the social parasif®rmica

Y sanguinea LATREILLE, 1798and itsServiformica hosts to find out if horizontal transmission haswred. We found
thatF. sanguinea andServiformica mostly harboured infections with differevilbachia strains and had significantly
different Spiroplasma andEntomoplasma infection prevalences. Our results thus indich# social parasitism between
the slave-making arft. sanguinea and itsServiformica hosts does not create substantial opportuniiesyimbiont
transmission. The prevalence data of diffekbltbachia strains suggest that infections in differE€atmica species are

partly strain specific.
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Introduction

Ants are common hosts Wolbachia bacteria of the class
Alphaproteobacteria, and recent discoveries haga/sh
that they are often also inhabited by other enddsgtic
bacteria such airoplasma of the class Mollicutes (&5
SELL & al. 2012, HHANSSON & al. 2013, KauTz & al.
2013). It has been estimated that about 31% ofartid
species are infected Wolbachia and 4% bySpiroplasma

Empirical and theoretical evidence indicate that-ho
zontal transfer is most readily established amdogec
relatives (RGELSTADTER& HURST 2006, TNSLEY & MA-
JERUS2007, RISSELL & al. 2009), although occasional
horizontal transfers across larger taxonomic destarare
also important in shaping thWolbachia pandemic (G
& al. 2012). Intimate (e.g., symbiotic) contact bareate

(RusseLL & al. 2012) but the estimates are sensitive topossibilities for transfer of endosymbiotic andestimsect-

taxonomic sampling. Infections vary taxonomicafyd
some ant genera are particularly enriched withettsysn-
bionts (RUSSELL 2012, RISSELL & al. 2012). In spite of
findings of closely relatetVolbachia strains in closely re-
lated ant species (e.g.|LVAKAINEN & al. 2008, ROST &
al. 2010), the predominant view is that verticah{emal)
transmission, and thus shared ancestry, is natfleemode
of transmission. It has been observed that the same
milar Wolbachia strains often infect distantly related hosts,
and closely related hosts can harbour div&¥stbachia
strains. These findings clearly show that in addito ma-
ternal transmissiolVolbachia undergoes horizontal trans-
fer between species (e.g.FRREN & al. 1995, \AVRE &
al. 1999, HIIGENS & al. 2004, B\LDO & al. 2008, R\ -
CHOUDHURY & al. 2009). Similarly, the diversity @piro-
plasma clades irDrosophila species implies that horizon-
tal transmission has played a role in symbiontitistion
(HASELKORN & al. 2009).

associated bacteria between species. Social pemasie.,
a situation in which ants, bees, or wasps parasiato-
nies of closely related species, offers a potestyatem
in which endosymbiotic bacteria can spread horiaiynt
between species. This has been inferregbianopsis fire
ants wheré\olbachia has apparently been transferred hori-
zontally between the inquiline social parasitéenopsis
daguerrei and its hosts (BDEINE & al. 2005). However,
the precise mechanisms and vectors of such a éraasd
not known and it has been commonly suggested Hrat v
ous parasites (e.g., mites) can act as vectoM/dtivachia
(see e.g.,AENIKE & al. 2007, RISSELL2012).

The widespread occurrence of bacterial endosynwiont
in insects relies not only on their efficient tramssion but
also on the effects the bacteria have on theirsh&stdo-
symbionts often affect the biology of the host iway
which facilitates spreading and persistence ofetlhesteria
in the host population (MRAN & al. 2008). This can be



done by improving host fithess, for example by gcthg
the hosts against natural enemies such as virosesy,
pathogens and parasitoidsHpGES& al. 2008, EIXEIRA
& al. 2008, AENIKE & al. 2010, XE & al. 2010, WKASIK

121 nests from 13 different locations (Appendix &l digi-
tal supplementary material to this article, atjtanal's
web pages). We analysed dhesanguinea worker per nest
(except six nests from which two workers were asedly

& al. 2013). Because endosymbionts are commonly maN = 105) and one slave ant (N = 58) per nest. Sifyi|

ternally transmitted, they can also increase thein fit-
ness by manipulating host reproduction in such wtivat
there is overproduction of females (e.gusSRELL 2012).
Both Wolbachia (WERREN & al. 2008) andspiroplasma

from actualServiformica nests, one worker ant was ana-
lysed (N = 22). In addition, one sexual female (B
and one male (N = 17) were analysed friensanguinea
nests from which sexual offspring were sampled. Ppap-

(VENTURA & al. 2012) are known to act as reproductive ulations (Kiiminki and Tyrnava) were sampled in te®-

parasites in some insects, but in most speciesatuge of
the interaction with the host is unknown. In aks|bachia
infections have been linked to cytoplasmic incorityilay

(unsuccessful reproduction due to incompatibilftgmerm

parate years. Theerviformica samples were identified mor-
phologically using the key of @ LINGwWOOD (1979)and
most of thenbelonged to eithefFormica fusca LINNAE-
us, 1758 orFormica lemani BONDROIT, 1917. Samples

from Wolbachia-infected males with eggs from females that identified asFormica gagatoides Ruzsky, 1904, and-or-

are not infected with the sariélbachia type) and male
killing (VAN BORM & al. 2001, WERREN & al. 2008), but
direct evidence is lacking (se@&SELL 2012). However,
potential reproductive manipulation by endosymts@tds
interesting elements to the sex allocation configttween
the queens and workers in ants and other socialedgm
ptera (KELLER & al. 2001, WENSELEERS& al. 2002, k-
BOUT & al. 2010).

Formica sanguinea LATREILLE, 1798is a social para-
site of many ants from the subgerggsviformica (MORI
& al. 2000). It uses two strategies to exploitSesvifor-
mica hosts. The newly matdel sanguinea queens usurp
Serviformica nests and kill the residestrviformica queens,
thereby avoiding the costs of independent nestdimngn

mica picea NYLANDER, 1846 were collected from one and
five nests, respectively. For most analyses wegqubthe
different Serviformica hosts as the species involved were
mainly F. fusca andF. lemani which are morphologically
difficult to separate, especially from a small nembf in-
dividuals (%£PPA& al. 2011).

Ants were preserved in 70% ethanol until DNA ex-
traction with DNeasy Blood & Tissue Kit (Qiagenhd
quality of DNA was tested by using the same anta in
microsatellite study (HAPANIEMI & PAMILO 2012) or by
amplifying mtDNA with insect-specific PCR primer8C
(5-TATGTACTTCCCTGAGGTCAAATATC-3") and CB2
(5'-AATTACACCACCTAATTTATTAGGAAT-3") (JER-
MIIN & CROZIER 1994). Moreover, fouFormica sanguinea

Formica sanguinea workers from established colonies are worker samples were screened for the present®obf
also capable of raiding worker pupae from nectryi- bachia and Spiroplasma in different body parts (head,
formica nests. After eclosion these slaves behave as reghorax + gaster and legs) separately. For scredamg-
ular members of the society, performing normal veork moplasmatalesSpiroplasma and Entomoplasma), univer-
tasks and taking care of the slave-maker broocdteSin  sal eubacterial 16S rRNA gene forward primer 2 &m@d
sanguinea is a facultative social parasite, the workers are16SA1 in FUKATSU & al. 2001; 5-AGAGTTTGATCMT

capable of nursing broods also independently aaesl
are not found in all colonies.

In this work, we tested whether social parasitisot p
motes horizontal transmission of symbiotic bactevie
estimated the prevalence and sequence diversityamf
endosymbionts\Wolbachia and Spiroplasma) and a gut-
associated symbionEftomoplasma) in the slave-making
antFormica sanguinea and itsServiformica slaves. If so-
cial parasitism facilitates horizontal transmissidrsymbi-
otic bacteria, host and parasite species shoultbhaden-
tical or similar bacterial strains. Moreover, penaat in-
fections are expected mainly when the transfenfettion
occurs from host to parasite species. Transfehénop-
posite direction may not lead to permanent infexias
easily because all slave antsHnsanguinea colonies are
sterile workers which do not transfer acquired dtifans
onwards. Thus, we predicted that if social parasitiaci-
litates horizontal transfer, endosymbionts whiah @am-
mon in the host species are also foundrirsanguinea.
We also used the prevalence of different bactepaties
and strains to evaluate strain-specific suscejtyiluf their
ant hosts.

Materials and methods

Formica sanguinea workers, accompanyingerviformica
slaves from the same nests (when present), anargdrim

GGCTCAG-3") andpiroplasma specific reverse primer
TKSSsp (5-TAGCCGTGGCTTTCTGGTAA-3") were used
(FUKATSU & al. 2001). The amplified sequences were
classified agntomoplasma or Spiroplasma based on the
similarity with sequences in GenBanlblbachia was
screened bywsp 81F (5-TGGTCCAATAAGTGATGAA
GAAAC-3") andwsp 691R (5'-AAAAATTAAACGCTA
CTCCA-3") primers specific téolbachia surface protein
genewsp (BRAIG & al. 1998). All PCRs included negative
controls.

PCR mixtures (20 pl) fonWolbachia consisted of 1 x
reaction buffer (10mM Tris-HCI, 50 mM KCI, 1.5 mM
MgCl,, 0.1% Triton X-100), 300 uM of each dNTP, 1 uM
of each primer, 0.8 U Dynazyme Il DNA polymerasgiF
zymes) and approximately 50 ng ant DNA. The amplifi
cation profile was as follows: an initial denatimatstep
of 3 min at 94°C, followed by 35 cycles 30 s at®430 s
at 55°C, 1 min at 72°C and a final extension step imin
at 72°C. PCR mixtures (20 pl) f&piroplasma andEnto-
moplasma consisted of 1 x PCR reaction buffer, 280
of each dNTP, 500 nM of each primer, 0.8 U of Dyna-
zyme |l DNA polymerase (Finnzymes) and approxinyatel
50 ng of ant DNA. The amplification was performed a
follows: 2 min at 94°C, 35 cycles 94°C for 1 mirs°€
for 1 min, 72°C for 1 min, and a final extensionriih at
72°C. 5 ul of PCR products were run on agarosé¢ogeh-

actualServiformica nests were collected from various pop- sure the correct size of the amplified fragmeninRiaing

ulations in Finland. Altogether we analysed 22%drgm
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PCR products were purified with the MinElute (96) BICR



Purification Kit (Qiagen) and cloned using the TOP®
Cloning Kit (Invitrogen) with half reactions. Fivdones
per individual were screened to ensure the deteofipos-
sible multiple infections (ten clones in cases wbely one
nest was sampled from the population). Bacteri&h-co
nies grown overnight were suspended in 50 pl aflete
water, incubated at 94°C for 10 minutes and scokevik
PCR using M13 forward and reverse primers flankireg
insertion site in the cloning vector (pCR 2.1-TOP®ul
of PCR products were run on agarose gel and a @& P
for sequencing was performed for the positive cdone

Both strands were sequenced from purified PCR pro-

ducts. Sequencing was conducted with the Big Dye Te
minator v3.0 Cycle sequencing Kit (Applied Biosyas)
according to the instructions of the manufactungrs-
ing 1/ 8 reactions. Sequences were edited in thgram

Sequencher v. 4.7 (Gene Codes Corporation). Sequenc

alignments (ClustalW) and molecular evolutionarglgses
were conducted using MEGA version SAMURA & al.
2011). Sequences with > 99% similarity were corrside
to belong to the same haplogroup and are hereddadie-
terial strains. One representative sequence fraim gaain
was selected and identified using blastn (megalslastches
in GenBank. Sequences representing all the icehtifirains
were deposited to GenBank (accession numbers KJ34781
- KJ778192).

Phylogenetic affiliation of th&ntomoplasma and Spi-

roplasma strains to those detected from other host orga-

nisms were assessed as follows. The sequences@dbtai
here were used as queries in blast searches. Segu®n
the phylogenetic analyses were selected from 250Hits,
selecting sequences clustering with those obtafired
Formica in preliminary phylogenetic analyses. We elimi-
nated redundant sequences (i.e., many similaremtichl

sequences from the same host) and sequences \akere t

source (i.e., host organism) was not given. ThectedEn-
tomoplasma and Spiroplasma sequences were aligned se-
parately, and neighbour-joining trees were congadiby
using the proportion of nucleotide differences afisa
tance. Bootstrap support of the obtained groupiag eal-
culated by resampling 1000 times.

Results
Wolbachia

The samples of bothormica sanguinea andServiformica
were commonly infected witiVolbachia, but with differ-
ent strains of bacteria (GenBank: KJ778186-KJ778192
We screenedVolbachia from F. sanguinea in 99 nests,
and workers from 50 nests were infected (Tab. b if-
fection prevalence in worker ants varied signiftaffrom
3% to 100%) among the four populations in whickeast
12 nests were screened (Appendix 82 41.5, df = 3, P

< 0.001). Infection frequencies were similar in @sa(12 out
of 17) and sexual females (15 / 21) of F. sanguihab. 1).
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Fig. 1: Proportion of nests ¢&formica sanguinea and of
the Serviformica species infected by different types of (a)
Wolbachia (wFex1 -wRi), (b) Spiroplasma (Spi_1 - Spi_4),

Proportion of infected nests

(A

As multiple clones were screened, we obtained alto-2nd (C)Entomoplasma (Ent_1 - Ent_4). Four distinct haplo-

gether 388vsp sequences froormica sanguinea, and
386 were of thé\olbachia strainwFex1 (Fig. 1a) previ-
ously identified from otheFormica species (RUTER &
KELLER 2003, MLIAKAINEN & al. 2008). The remaining
two sequences came from different nests in Kiimiakid
one of them represented straifex2 also detected in other
Formica ants (RUTER& KELLER 2003, MLIAKAINEN &

al. 2008). The other one showed sequence similaritiye

type groups were identified from each bacterium.

wsp gene in the whole genome sequenc@/bachia wRi
from Drosophila simulans (CP001391) and to sequences
found earlier in the spid&ybaeus eutypus and wasps of
the generdrichomalopsis andSpalangia. The same vari-
ant similar towRi was also detected in four out of filFe
picea (Serviformica) samples collected from the same re-
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Tab. 1: Number of nests studied (n) and the peagentf ants observed to cakiplbachia, Spiroplasma, andEntomo-

plasma bacteria.

n ‘ Wolbachia [%)] ‘ Spiroplasma [%0]

Entomoplasma [%] ’ Wolbachia + Spiroplasma [%]

Formica sanguinea

workers 99 50.t 79.¢ 19.2 47.t
male: 17 70.€ 64.7 41.2 52.¢
gyne 21 71.£ 61.C 47.€ 38.1
Serviformica 8C 96.: 10.C 7. 8.8

gion (Kiiminki, all these samples frof sanguinea nests)
but not in any othe®erviformica sample. The straiwFex1
which was abundant iR. sanguinea was found as a rare
variant in only threeServiformica nests (Fig. 1a, one
independent nest and two samples frBrmsanguinea
nests). Overall, the infection prevalenceSaviformica
was high and 77 out of 80 colonies (96%; includiagh
independent colonies and samples fiarsanguinea nests)

bacillus). Specifically, these non-target sequences were am
plified from Serviformica samples, showing that when
Spiroplasma / Entomoplasma infections were absent, the
primer specificity was not absolute.

The sequence difference betwepiroplasma andEn-
tomoplasma was 9.4 - 14.4% (47 - 72 nucleotides out of
495 in total; Appendix S3). Within bo®piroplasma and
Entomoplasma we could distinguish four major variants

carriedWolbachia. Most of them carried sequences iden- or phylotype groups by using the 99% similarityteria

tified aswFex2 (22% of all sequences) wFex4 (72%)
(Fig. 1a). Double infections with bothFex2 andwFex4
were common (11% of samples) and detected in sdifen
ferent geographical locations.

The fourWolbachia strains {Fex1,wFex2,wFex4 and
the one similar tavRi) differed from each other by 50 -
111 nucleotides (8.5 - 19%), the total alignmernndyp&88
nucleotides. Within the strains, nucleotide vadativas
small, the largest pairwise difference being tedeutides

(RusseLL & al. 2012). The difference between the major
variants withinSpiroplasma (Spi_1 - Spi_4) were 1.4 - 6.8%
and withinEntomoplasma (Ent_1 - Ent_4) 1.4 - 5.5% (Ap-
pendix S3). The most common variants (Ent_4 and4pi
were the same in boBformica sanguinea andServiformica
(Fig. 1b, c). Within the variants, most nucleotiliferences
were singletons. As botiroplasma and Entomoplasma
were rare irServiformica (except inF. picea), and were
represented mainly by the most common variantsag

in wFex1. The rare variants were mostly singletons-(81 not easy to infer possible transfers between theisp. The

100% depending on the strain) and only three viariaere
shared by more than three sequences. It is thushpes
that many variants represent PCR errors. The sisgle
guence ofvFex2 inFormica sanguinea differed by five to
seven nucleotides (0.9 - 1.2%) from the sequeraasdf

in Serviformica, while the pairwise differences among the guinea population sampleg

18 sequences froerviformica ranged from zero to four
nucleotides. Otherwise, it is evident that theesrar major
subdivisions within the strains.

Spiroplasma and Entomoplasma

only indication was that th&erviformica ant carrying the
variant Spi_2 ofpiroplasma came from &. sanguinea
nest which also had this same rare variant. Theafece
of both Entomoplasma and Spiroplasma in worker ants
showed significant heterogeneity among the feusan-
%= 9.9 and 10.2, respectively,
df = 3, P < 0.01). The prevalence was significasthal-
ler in Serviformica than inF. sanguinea (3* = 4.8, df = 1,
P < 0.05 forEntomoplasma andy® = 87.6, df = 1, P <
0.001 forSpiroplasma). As with Wolbachia, both males
and females oF. sanguinea were similarly infected also

The 16S rRNA primers amplified sequences which wereby Spiroplasma (11 out of 17 males, 13 out of 21 females)

identified as eitheBpiroplasma (KJ778180 - KJ778185)

and Entomoplasma (7 / 17 in males, 10 / 21 in females;

or Entomoplasma (KJ778174 - KJ778179) on the basis of Tab. 1).

similarity to sequences in GenBargpiroplasma is con-
sidered endosymbiotic arithtomoplasma is an insect-
associated gut bacteriumu®Aro & al. 2011). Both bac-
teria were common ifformica sanguinea, 80% of nests
being infected byiroplasma and 19% byEntomoplasma
on the basis of worker dat&ntomoplasma was amplified
slightly but not significantly more frequently frogexual
individuals than from workers, and the fractiorirdécted
nests was 27% if these were included. The respefity
guencies in the combinegdrviformica material were 10%
(eight nests) irgpiroplasma and 8% (six nests) iBnto-
moplasma, about half of these from the fdw picea sam-
ples from Kiiminki. Entomoplasmatales-specific peira

successfully amplifie@piroplasma sequences from head,

The infections by\olbachia andSpiroplasma were po-
sitively associated iRormica sanguinea (x* = 11.3, df = 1,

P < 0.001), i.e., there was a significant excesadif/i-
duals with either both or neither of the two endobipnts.
Entomoplasma showed no significant coexistence with ei-
therWolbachia or Spiroplasma. It should be noted that we
have probably underestimated the possible coexisteh
Entomoplasma and Spiroplasma because they were ampli-
fied with the same primers and may have outcompeset
other during amplification.

All the Entomoplasma sequences clustered in the neigh-
bour-joining tree with sequences obtained from sbiee-
tropical ant hosts with a 55% bootstrap suppor.(B),
while Entomoplasma from army ants (ant6-ant9 in Fig. 2)

legs and thorax + gaster of arlts some cases these same formed a separate cluster. THaroplasma sequences did
primers also amplified sequences which on the bafsis not show any clear clusters regarding the hostaaxiathe

blast searches belonged to non-target bacteria (aajo-
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bootstrap values were low (Fig. 2).
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Discussion

Our main aim was to test whether nest sharing aiaso
parasitism promotes interspecific horizontal transf sym-
biotic bacteria, which would be seen as sharingeoteti-
cally similar bacterial strains. Furthermore, congans
with results from otheFormica ants allow inferring pos-
sible host specificity of the endosymbionts.

DEDEINE & al. (2005) found in fire ants that the soci-
ally parasitic inquilineSolenopsis daguerrei SANTSCHI, 1930
shared one of its nin@/lbachia variants with the host
speciesS. invicta BUREN, 1972 and another one with
richteri FOREL, 1909. This led to the conclusion that so-
cial parasitism can represent a significant medrarof
interspecies transfer of endosymbionts. A phylotierama-
lysis of Wolbachia from differentSolenopsis species lends
further support to the conclusion that horizontahsfer
has taken place through the social parasiteaRNS &
al. 2012).Formica sanguinea and itsServiformica hosts
mostly harbour infections by different bacteriahsts {\ol-
bachia) in spite of close contacts within colonies. Tigs
sult is clear (Fig. 1a) and applies thus to botthefmain
host specie§. fusca andF. lemani which we pooled here
for the analyses.

Even though the horizontal transfer of endosymisiont
betweenFormica sanguinea and itsServiformica hosts
seems to be rare, we detected one case where teoesit
fer may have taken place. Tidolbachia strain similar to
wRi was found in several nestskaf(Serviformica) picea
andF. sanguinea in the same location, suggesting ex-
change of bacteria between these species. The Bame
picea samples carrieEntomoplasma and Spiroplasma in-
fections, suggesting that the prevalence of thesteba
can vary among th&erviformica species. Rarity oEnto-
moplasma andSpiroplasma in otherServiformica species
agreed with the results off&10 & PamiLO (2010) who
could not amplify them in any of the numerdusg(Servi-
formica) cinerea MAYR, 1853samples. As thé&. picea
samples came from one locality, it is not possibleon-
clude whether this species generally differs fraheoSer-
viformica ants by carrying a different set of bacteria or
whether there have been recent horizontal transfdte
population under study here. In addition, thereentree
cases where Ablbachia variant common iifr. sanguinea
(wFex1) was detected iBerviformica, and one case in
which the variantwFex2, common irserviformica, was
found inF. sanguinea. It is impossible to conclude whether
this occasional sharing derives from social pasasjtbe-
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cause the same strains are shared by rRanyica ants
(REUTER & KELLER 2003, MLIAKAINEN & al. 2008) and
the bacteria can apparently also spread in thenabsaf
social parasitism However, if social parasitism ardes
horizontal transfer, we hypothesized that the fearfsom
F. sanguinea to Serviformica is expected to be a dead end
because the slave workers do not produce femalproft).
This means that sharing wf~ex2 provides the only pos-
sible example of horizontal transfer associateth witha-
bitation of the same nests by the slaves and steiers.
We should point out that a small possibility mighto ex-
ist for transferring endosymbionts frdf sanguinea to its
slave species during the short periods when raitlieg
nests. In whichever direction the infection migbtttans-
ferred, the drastic difference in the relative fregcy of
Wolbachia strains betweeR. sanguinea andServiformica
suggests that the role of social parasitism inzworial
transfer can be weak or that the bacterial strairshost
specific.

Currently not much is known about the process af ho
zontal transmission fdBpiroplasma in arthropod species
but horizontal transfers have had an important chpa
the taxonomic distribution dfpiroplasma in Drosophila
species (ASELKORN & al. 2009). Phylogenetic analysis of

=
=}

© © o
» o)} (o]

Proportion of infected ants

o©
[N}

1.0
wFex1 wFex2 wFex4 others

O F. sanguinea [ Serviformica M F. rufa group M F. exsecta

Fig. 3: The proportion of worker individuals Formica
species infected by differei¥olbachia strains (several
strains are pooled in the class "others"). The fat&.
sanguinea (n = 99) andserviformica (n = 80) are derived
from this study, for thé&. rufa group (n = 31) from WJA-
KAINEN & al. (2008), and foF. exsecta (n = 34) from Ru-
TER& KELLER (2003).

Soiroplasma-related ant symbionts suggests repeated acquinfections are generally absent from eggs and &raad

sition of infections (KuTz & al. 2013), and our results
are concordant with this (Fig. 2). The phylogendistri-
bution ofEntomoplasma haplotypes gives a somewhat dif-
ferent picture. The branch lengths of Er¢omoplasma tree
are longer and some well supported clades appéda& to
host specific (Fig. 2) However, combined phyloganet
analysis and molecular clock dating suggest Emimo-

thus these bacteria are suggested to act as qdiates
(FUNARO & al. 2011).Entomoplasma bacteria are shown
to be slightly enriched among predatory ant genghere
they are suggested to have a non-essential, becibiped
relationship with their hosts (INARO & al. 2011, Ax-
DERSON& al. 2012). N-isotope signatures, which reflect
the trophic positions of the organisms, showed ifferd

plasma may also have been horizontally transferred betwee ences among thrdéormica subgenera, including. san-

army ant subfamilies during their long-term evalat{Fu-
NARO & al. 2011). Thus, horizontal transfer seems &y pl
a role in the dynamics &iroplasma andEntomoplasma
bacteria, but the mechanisms and time frames tff tsans-
fers are not well understood.

Our results likely underestimated the prevalendenef
tomoplasma and Spiroplasma infections, as these bacteria
were amplified with the same primers, facing corntpet
amplification. The present results show t8aitroplasma
has a high prevalence (80%)Rormica sanguinea but a
low prevalence irgerviformica (9%), withF. picea as a
possible exceptiorSpiroplasma infections appear to be
systemic, since they were successfully detectelifferent
ant tissues. Previously report8oiroplasma infection fre-
guencies in arthropods overall are low (3.8%SBELL &
al. 2012) and infection was not identified in thanscrip-
tome ofF. exsecta NYLANDER, 1846 (DHANSSON& al.
2013). However, in the gen@lyrhachis (tribe Campo-
notini) 20.7% of studied species were infectedS§ELL &
al. 2012). In their study including 95 ant speckayTz
& al. (2013) found 28.4% of ant species were irddatith
Entomoplasmatalesacteria (including bot&piroplasma
and Entomoplasma), and BHAK & al. (2011) reported a
high abundance @&piroplasma in several colonies &o-
lenopsis geminata (FABRICIUS, 1804) Further studies are
needed to explain the seemingly sporadic existeh&pi-
roplasma infections in some ant species.

About one fifth ofFormica sanguinea individuals car-
ried Entomoplasma, andServiformica showed again much
lower infection frequencies. In army arfistomoplasma
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guinea andServiformica (FIEDLER & al. 2007). It needs to
be determined whether this result indicates thatsibe-
cies are trophically similar or that there are aligtdiffer-
ences but the isotope signatures are shaped lyythmac-
teria in the more predatofy. sanguinea.

The averag&\olbachia infection frequency ifrormica
sanguinea workers (51%) was clearly lower thanSar-
viformica (96%) in this study (but only 19% . (Servi-
formica) cinerea; see $&kvid & PAmMILO 2010) and was
lower than has been reported in tharmica rufa group
(100%; MLIAKAINEN & al. 2008) andrormica exsecta
(100%; REUTER& KELLER 2003), where generally all in-
dividuals have multipl&\olbachia infections (Fig. 3). The
infection frequency was similar to that in workefd-or-
mica truncorum FABRICIUS, 1804 (45%; VENSELEERS&
al. 2002) andAcromyrmex echinatior (FOREL, 1899) (45%;
VAN BORM & al. 2001) in which adult workers are sug-
gested to lose their infection over time. Our saspf
sexual individuals were too small to draw firm chnc
sions, but the proportion of infected individualasasim-
ilar in newly eclosed gynes and males, and in adatt
kers in the same nests.

The meta-analysis byURsSELL & al. (2012) gives weak
support to the hypothesis initially proposed bgNSE
LEERS & al. (1998) that ants with independent colony
founding are less often infected Yyplbachia. The species
of Serviformica commonly establish new nests indepen-
dently, whereas the nest-founding queeng-afmica
exsecta, F. sanguinea and theF. rufa group species tem-
porarily parasitizeserviformica nests (or join existing con-



specific nests). There is thus no evident assaxidie-
tween nest founding andlolbachia in Formica ants, ex-
cept regarding the specific straifrex1 which was very
rare inServiformica but common in the othdformica
species.

A broad systematic survey byaKTz & al. (2013) sug-
gests that there is a tendency that relgiieltbachia to some
extent infect related host ants from the same ggafic
region, even thougkolbachia infections in insects are
generally not very host specific. SimilarlyySseLL & al.
(2009) demonstrated in their work including botlsaand
lycaenid butterflies that relataffolbachia commonly in-
fect related hosts. The most comnwlbachia strains (as
identified on the basis of thesp sequence) weneFex1
in F. sanguinea andwFex2 andwFex4 inServiformica.
These strains have been earlier found in dtoemica ants,
in F. exsecta (subgenusCoptoformica; REUTER & KEL-
LER 2003) and in thé&. rufa group complex (six species
of the subgenuBormica s.str.; MLIAKAINEN & al. 2008),
supporting qualitatively the previous findings thelated
hosts are infected by similar endosymbiont stréig. 3).
However, colonies and individuals of sevdfafmica spe-
cies are commonly infected by seveidlbachia strains:
F. exsecta by four or five strains ané. rufa group ants by
bothwFex1 andvFex4. This suggests that there are dif-
ferences in how readily different bacterial straans able
to infect a specific host species either due taifipgty of
the bacteria or selectivity of the ant hosts. Thusan-
guinea lacked the straimFex4 which is common in the
otherFormica ants, and the straimFex1 was very rare in
Serviformica but common in all the other species (Fig. 3).
As the same methods have readily shown multipkecinf
tions (REUTER& KELLER 2003, MLIAKAINEN & al. 2008),
it is unlikely that the observed differences wobklam-
plification artefacts. Further support to the cois@n that
infections byWolbachia in differentFormica species are
strain specific is added by the study a#\80 & PAMILO
(2010) who found that even though 19%~ofServiformi-
ca) cinerea colonies were estimated to cakplbachia,

Our results showed that the slave-makiagmica san-
guinea and itsServiformica hosts are infected by differ-
ent bacterial straindNolbachia) or carry symbionts with
very different prevalenceSpiroplasma, Entomoplasma).
This can be due to a lack of suitable transferareéh spite
of regular physical and behavioural contacts betwazk
ult ants and also between slave workers Rrgnguinea
broods. Comparative data also show some host gpgcif
of differentWolbachia strains within the genusormica.

It is thus also possible that the observed diffeeche-
tweenF. sanguinea andServiformica in their community
of symbiotic bacteria does not derive from the latk
transferring vectors but from specificity of thecbexia or
selectivity of the ant hosts (see alsasReLL & al. 2009).

It is not easy to distinguish between these alteembut it
is clear that successful horizontal transfer betwibese
species is uncommon as they form the only spea@s p
among the studieBormica ants which do not have a sin-
gle Wolbachia strain with high prevalence in both (Fig. 3).
Proper testing of the suggested host specificitthefen-
dosymbionts and their possible lateral transfetack of

it, would require thorough screening of various @syin-
biotic species with multi locus sequence typinthefstrains.
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