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Abstract

Social parasites usually rely on chemical cues (cuticular hydrocarbons) to successfully invade and coexist with their hosts.
Most ants that are obligate social parasites (slave-makers) can parasitize several related host species with different levels of
chemical similarity although there are few exceptions where there is only a single host species. An example of the latter is
Rossomyrmex minuchae, which was known to be only associated with Proformica longiseta. However, a recent discovery of
anew R. minuchae population revealed that it can parasitize P. nasuta, a species with a separate distribution to P. longiseta.
Chemical analyses of cuticular hydrocarbons show local adaptation of the parasite to its host in this new population, being
more similar to P. nasuta than to other R. minuchae populations. In addition, genetic analyses evidence differences from
the other known populations, from which it split 1.21 Mya during glacial and interglacial periods of the Pleistocene and
remained separated to the present day. This historical genetic isolation and the chemical differences found between parasite

populations may evidence a speciation process and support the local host—parasite coevolution.
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Introduction

Slave-making ants are obligate social parasites that depend
on another ant species (the host) to survive and whose main
strategies are: (1) gynes taking over a host nest by chemical
mimicry and (2) workers periodically raiding on other host
nests to replenish the labor force as slaves (Holldobler and
Wilson 1990; de 1a Mora et al. 2020). Within the mixed nest,
the relationship between parasite and host is mostly peace-
ful because their recognition cues, cuticular hydrocarbons
(CHCs) are similar and, thus, prevent them from aggression
(Guerrieri et al. 2009; van Zweden and d’ettorre 2010). This
chemical similarity is achieved by local co-adaptation or by
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acquisition of the host’s chemical profile by the parasite of
(see review by Lenoir et al. 2001). In this sense, the study
of parasite’s and host’s CHCs profiles provides useful infor-
mation about how successful the parasite is in mimicry and
could provide an estimate of their coevolutionary time (see
Ruano et al. 2011).

Usually, slave-making ants parasitize multiple host
species that are close relatives: same tribe but different
genus (see Huang and Dornhaus 2008). One of the few
exceptions that seemed to have a single host species is
Rossomyrmex minuchae, a slave-making ant described
and studied in three high mountains of South-eastern
Spain: Sierra Nevada (S), Sierra de Gador (G) and Sierra
de Filabres (F) (Sanllorente et al. 2010, 2012). In these
populations, the species parasitizes Proformica longiseta
exclusively. Nevertheless, R. minuchae has been recently
found in Guadarrama mountains (Central Spain) but in
this case parasitizing another species, Proformica nasuta
(Azcarate et al. 2016), thus representing the first reported
case of host change for the species. The geographical dis-
tribution of both host species is clearly exclusive, being
P. longiseta endemic to the South East of the Iberian Pen-
insula and present above 1800-2700 m a.s.l. (Fernandez-
Escudero and Tinaut 1998), whereas P. nasuta shows a
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patchy distribution in Spain and Southern France at lower
altitudes (de Haro and Collingwood 1991; Galkowski et al.
2017, see also (Galkowski et al. 2022 for a new species
in the Pyrenees). This disjunct hosts distribution means
that R. minuchae has no choice on what host species para-
sitize and may have forced R. minuchae to develop a local
adaptation for successfully enslaving each host species. In
host—parasite social systems, the parasite is usually the one
shaping its chemical profile to mimic its host’s and this not
only happens in ants (e.g., Brandt et al. 2005), but also in
other Hymenoptera like Bombus (Martin et al. 2010).

In this study, we investigate the coevolution between R.
minuchae and P. nasuta using cuticular hydrocarbons, the
key for nest mate recognition and their behavioral interac-
tion. We also analyze the mitochondrial gene Cytochrome
Oxidase I (COI) of the new R. minuchae population and
compare it with the other known Rossomyrmex popula-
tions to have a complete knowledge of the genus diver-
sity. Furthermore, we estimate a timetree for the slave-
making species and populations to determine the split of
the Central and Southern populations. The presence of R.
minuchae in this new locality in the center of the Iberian
Peninsula opens the possibility to better understand the
origin and dispersal routes of the genus Rossomyrmex in
Eurasia and more specifically in the Iberian Peninsula and
the host switch between both species of Proformica (P.
longiseta and P. nasuta).

Materials and methods

Three Rossomyrmex minuchae nests were sampled in July
2016 in Sierra de Guadarrama, Central Spain (Puerto de
Canencia UTM coordinates: 30 T 436,000 4,524,000;
1485 m a.s.l.; Fig. 1). We abbreviate this population as N
for further analyses. From each of these nests, we collected
13 parasites and 13 hosts (P. nasuta) (Azcéarate et al. 2016).
In addition, we collected 13 workers from five sympatric
free-living host nests (within 50 m from the parasitized
nests) as well as from five allopatric free-living host nests
in another close location where R. minuchae has never been
found (Azcarate and Seoane pers. comm.; Soto del Real
UTM coordinates: 30 T 431,717 4,513,580; 1015 m a.s.l.).
For this work, we will also include data from R. minuchae-
P. longiseta Southern populations: Sierra Nevada, Gador
and Filabres (SN, G and F, respectively; Fig. 1). Chemical
and genetic data on these Southern populations were previ-
ously analyzed in Ruano et al. 2011; Sanllorente et al. 2012,
respectively.

For the cuticular hydrocarbon analyses, five workers from
each of the studied colonies were killed by freezing (total
number of individuals =80). All the ants were immersed
in 1 ml of hexane for 60 min, after which the ants were
retrieved from the vials and the solvent evaporated. The
samples were kept frozen at — 20 °C until chemical analy-
ses. For analysis, the samples were re-dissolved in 50 pl of

Fig. 1 Studied localities where
R. minuchae is found
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hexane. Using an autosampler (Gerstel, Miihleim an der
Ruhr, Germany), 2 pl of each extract were injected into a
GC/MS QQQ Agilent (GC 78,908, MS 7000C) operating at
70 eV with a source temperature of 230 °C equipped with a
Zebron ZB-5HT column (30 mL X 0.25 mm ID X 0.25 pm df;
5% Phenyl-95% Dimethylpolysiloxane, Phenomenex, Tor-
rance, CA, USA). The GC oven temperature program was
2 min at 60 °C, and then increasing at 5 °C/min to 320 °C,
and 5 min hold at 320 °C (total 46 min). The gas vector
was helium at 2.0 ml/min. Compounds were identified by
their fragmentation pattern, compared to standard alkanes
(Cyo and all even n-alkanes from C,, to C,, 50 mg/l in
n-heptane each, Supelco®) and library data (NIST, National
Institute of Standards and Technology,) using MassHunter
Qualitative Analysis software (Agilent Technologies).
All the measurements (raw abundance) are provided as
mean% + SE (Standard Error). The data (abundance of peaks
in %) were analyzed using cluster analysis on Euclidian dis-
tances and the Ward method (Statistica 8.0 program). We
also calculated the equivalent chain length (ECL; see Mar-
tin et al. 2019) which indicates the mean of hydrocarbons
length = (X (%C,.; Xn))/100, where C n is the carbon number

of the hydrocarbon (for example C27 Cn=27 and 3-meC27
Cn=28) and xn is the percentage of quantity of this hydro-
carbon. ECL is not sufficient to discriminate species but is
a good indication to classify them in groups. Additionally,
we compared the cuticular profile in abundance and absence/
presence of peaks of the different R. minuchae populations
in the Iberian Peninsula (Fig. 2).

For the analysis of the mitochondrial COI gene, only a
single R. minuchae individual per nest was analyzed. Both
chemical extractions and analysis as well as genetic lab pro-
cedures were performed following the protocol described in
Sanllorente et al. 2012. COI chromatograms were checked
by eye using the software Chromas Lite 2.01 (Technelysium
Pty Ltd). Two of the three nests shared the same COI hap-
lotype, so we only considered two COI sequences for fur-
ther analyses. Sequences N1 and N2 were aligned together
with all the published COI sequences of Rossomyrmex
(Sanllorente et al. 2012) as well as with COI sequences of
Formica wheeleri, Formica moki and Colobopsis conitho-
rax (GenBank accession numbers: DQ353362, AF398151,
EF653271 respectively) with ClustalW implemented in the
program BioEdit v.7.1.11 (Hall 1999). Substitution models,
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Fig.2 Gas chromatograms of R. minuchae (green profile)
and enslaved P. nasuta (red profile) from Guadarrama popu-
lation. Y axis is abundance and X axis the time. The abbre-
viations of the peaks correspond to: 3C27=3-meC27; 9+C
29=9+11+ 13+ 15-meC29; 3C29=3-meC29; 114+C31=
114+ 134+ 15+ 16-meC31; 11,xc31=11,13+ 11,15+ 11,17-
dimeC31; 8+C32=8+10+11+12+ 13+ 14me C32;
12,xC32=12,14 + 12,16-dimeC32; 11+C33=11+13+15+1

7-meC33; 13,xC33=13,15-dimeC33; 11,xC33=11,13+11,15-
dimeC33; 10,xC34=10,14+10,16 + 12,14-dimeC34;
114+ C35=11+13-meC35; 13,xC35=13,15+ 13,17+ 15,17-
dimeC35; 114+ C37=11+ 13+ 17-meC37; x,x-dimeC37: positions
not determined. X correspond to phthalates and sterols pollutions
not included in the HCs analysis. Red circles indicate significant
differences (Kruskal-Wallis p < 0.05)
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sequence variation and genetic distances were performed
with MEGA X (Kumar et al. 2018). The best substitution
model under the Bayesian information criterion (BIC) was
HKY +1 (Hasegawa et al. 1985). The same program was
used to estimate a maximum likelihood (ML) tree perform-
ing 1000 bootstrap replicates and a timetree. The timetree
was inferred using the RelTime-ML method (Tamura et al.
2018) and the HKY + 1 model; C. conithorax was set as out-
group and the divergence time between F. wheeleri and F.
moki (9.2 Mya; Moreau et al. 2006) was used as a calibration
constraint (available at http://www.timetree.org/) (Kumar
et al. 2017).

Results

Description of the R. minuchae chromatograms from the
new central population showed a similar cuticular profile to
their enslaved P. nasuta (Fig. 2). Nevertheless, each species
maintains its own profile, with different compound quantities
and distinguishable identity (see Table S1 for full compound
information). The peaks C29, 8 +10+11+12+13+414-m
eC32, 11+ 13+ 15+ 17-meC33, 11,13+ 11,15-dimeC33,
10,14+ 10,16+ 12,14-dimeC34, 11+ 13 + 17-meC37 and
x,x-dimeC37 show significant differences (Kruskall-Wallis

p <0.05), whereas peaks 3-meC29, 11+ 13-meC35 and
13,15+ 13,17+ 15,17-dimeC35 do not, due to the high vari-
ability of the samples.

The cluster analysis including all the R. minuchae-host
populations showed that the parasite populations are closer
to their local hosts than to other R. minuchae (Fig. 3). In
addition, the one parasitizing P. nasuta is also closer to
unparasitized P. nasuta populations from France than to the
Southern R. minuchae populations. When we analyze ECL
the Rossomyrmex group (RN) has the highest level of all
ants, but the differences are only significant when compared
to the allopatric potential hosts (Kruskal-Wallis p =0.53,
RN=33.16+0.34, SyN=31.58 +0.46, EN=31.96+0.31,
AN 30.51+0.62 and RN/AN p=0.038).

R. minuchae COI sequences were translated into ami-
noacids and checked for stop codons. They consisted of
548 nucleotide positions, 71 of them being variable and
64 parsimony informative polymorphic sites. Nucleotide
composition was clearly A-T biased (66.3%), especially at
the third codon position (81.5%). Transitions were higher
than transversions (Ti/Tv =6.2). Overall distance among
sequences was 4.6% (+0.5% SE, p-distance) whereas
the distances among the Southern R. minuchae popula-
tions were smaller (1.3-2.9%) than the distances among
these populations and the Central population (3.3-3.7%)

Ward's method
Euclidean distances

100
80 +
Proformika longiseta

S 60
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e Proformjca nasuta
g
£ 40r Filabtes
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: = e GO B
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Fig.3 Dendrogram (Ward method, Euclidean distances) of the cutic-
ular hydrocarbons of the R. minuchae populations (RN from Guadar-
rama, RF from Filabres, RG from Gador and RS from Sierra Nevada)
in circles and their host species: P. longiseta (from enslaved nests:
(EF, EG and ES from Filabres, Gador and Sierra Nevada, respec-
tively) and sympatric free-living nests (SyF, SyG and SyS from
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Filabres, Gador and Sierra Nevada, respectively) and P. nasuta from
Central Spain (EN, SyN and AN, from enslaved nests, sympatric free-
living nests and allopatric free-living nests, respectively) and France
(Pom, Ptp, Crau, Ste B and Bon, from Pompignan, Montpelier, plain
of Crau, Sainte Baume mountain and Bonnieux, respectively; see
Galkowski et al. 2017)
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Table 1 Mean pairwise genetic distances (p-distance) between Rossomyrmex populations are shown under the diagonal and standard errors

above diagonal

R quandratino- R anatolicus

R minuchae S

R minuchae F R minuchae G R minuchae N

dum
R quandratinodum 0.008 0.012 0.011 0.011 0.011
R anatolicus 0.041 0.011 0.010 0.010 0.010
R minuchae S 0.086 0.072 0.005 0.007 0.008
R minuchae F 0.085 0.068 0.013 0.006 0.007
R minuchae G 0.086 0.068 0.029 0.024 0.007
R minuchae N 0.089 0.070 0.037 0.033 0.034

For R. minuchae, the initials S, F, G and N correspond to the localities Sierra Nevada, Filabres, Gador and Guadarrama, respectively

(Table 1; see Table S2 for all pairwise mean distances).
These data are in concordance with the phylogenetic anal-
yses (see Fig. 4). The three Southern populations cluster
together in a well-supported clade, separated from the
Central R. minuchae population. Anyway, all R. minuchae
populations were grouped in a well-supported clade (100).

The timetree estimated that the divergence time between
the Central and Southern populations is around 1.21 Mya
(Fig. 5). Within the Southern populations, Gador diverged
from the others about 0.67 Mya whereas Sierra Nevada
and Filabres split only 0.22 Mya. In addition, the timetree
also showed quite similar divergence times between the
Asian species (R. quandratinodum and R. anatolicus) and
between these two and R. minuchae (4.50 and 4.84 Mya,
respectively).

Fig. 4 Maximum likelihood
phylogenetic tree for all Rosso-
myrmex known populations (for
R. minuchae, SN corresponds
to Sierra Nevada population,

F to Filabres, G to Gador and

N to Guadarrama) with their
Genbank accession numbers

Discussion

Our study evidences that the Central population of R.
minuchae is to some extent locally adapted to its host P.
nasuta in a similar way that the Southern populations are
adapted to P. longiseta. In agreement to our previous work
with Southern populations (see Ruano et al. 2011), the
chemical profiles of enslaved and sympatric free-living host
colonies in Central populations, are very similar but different
to some point from those of R. minuchae and this difference
is larger when compared with allopatric free-living hosts.
However, the fact that the new R. minuchae population is
closer to unparasitized P. nasuta populations from France,
points to an ongoing coevolutionary tuning between host and
parasite that has not been completed (local adaptation). The
current situation may indicate a higher probability of aggres-
sion between host and parasite during the raids and thus, of

93 1 R minuchae SN2 GU181204
a5 | ' R minuchae SN1 GU147937
R minuchae F2 GU181203
39 ' R minuchae F1 GU181202
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100 | o | R minuchae G3 GU181201
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100 ' R quandratinodum 1 HQ585986

—— Formica wheeleriDQ353362.1

100 L—— Formica moki AF398151.2
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Fig.5 Estimated timetree for
all Rossomyrmex analyzed
(for R. minuchae, SN cor-
responds to Sierra Nevada
population, F to Filabres, G to
Gador and N to Guadarrama).
The outgroup corresponds to
Colobopsis conithorax. The

distance between both Formica
species was used as calibration
constraint

23.87

R minuchae SN2
0.00
R minuchae SN1
0.22
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0.67 R minuchae F1
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0.01
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e — Formica wheeleri

host nests death. In the Southern populations, natural selec-
tion acted on local hosts” CHC so that those more similar to
the parasite would be less aggressive and survive the raids,
whereas the more different would be killed (Zamora-Mufioz
et al. 2003; Errard et al. 2006). Another possible scenario
would be that those parasites more similar to the host species
would succeed in parasitizing whereas those too different
would eventually disappear. In this sense, different coevo-
lutionary outcomes have been demonstrated for the three
Southern populations (with different CHC distances between
local parasites and hosts; see Ruano et al. 2011), as well as
for other slave-making ants with more than one host species
and showing chemical specialization (Brandt et al. 2005;
Bauer et al. 2010). Furthermore, another Proformica species
inhabits South-eastern Spain at low altitudes, P. ferreri, but
at the present moment is not known to be parasitized by R.
minuchae. This could be due to several reasons: (1) that the
chemical profiles of both Proformica are so different that it
is not possible for the parasite to closely adapt to two hosts
at the same time, a situation previously described for the
slavemaker Harpagoxenus sublaevis (Bauer et al. 2010); (2)
that P. ferreri was not successfully parasitized in the past
as it happens in Polyergus and their potential hosts (Mori
et al. 1994, 1995); or (3) microclimatic conditions forced
the parasite to live in high mountains, preventing P. ferreri
from parasitism.

On the other hand, and in line with chemical profiles,
genetic analyses show that the Central R. minuchae popu-
lation is well differentiated from the Southern ones. Fur-
ther, the distance between Central and Southern popu-
lations is slightly bigger than the distances among the
latter. This result is also supported by the divergence
time estimated (1.21 Mya) and probably favored by the
longer geographical distance and subsequent population
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isolation during glacial and interglacial periods of the
Pleistocene. During glacial periods probably both popu-
lations remained separated in different Iberian refugees
(Tinaut and Ruano 2021) and in interglacial periods they
climbed to different range mountains. This scenario of
long-term isolation may suggest an allopatric speciation
process going on in R. minuchae evidenced by the clear
chemical and genetic differentiation found between Cen-
tral and Southern populations. The host change detected
between both populations will also make a R. minuchae
populations remixing difficult in case of a hypothetical
reunion (glaciation). On the other hand, the R. minuchae
population isolated in the Southern Iberian refugees found
there the P. longiseta species suitable for parasitizing. Host
cuticular plasticity permitted the local adaptation of each
sympatric P. longiseta to R. minuchae populations, and
the occurrence of a geographical mosaic of coevolution in
the high-mountain ranges of South-eastern Spain (Ruano
etal. 2011).

In addition, our results point that the Asian and Iberian
clades split during the cold early Pliocene (4.84 Mya), a
period in which both Asian clades (R. anatolicus and R.
quandratinodum) shortly after also split (4.50 Mya). This
would be in agreement with our previous results suggesting
a Southern Europe origin for the Rossomyrmex clade (Sanl-
lorente et al. 2018).

In conclusion, the new population of the slave-making ant
R. minuchae found in Central Spain seems locally adapted
to its host P. nasuta, as it is evidenced by chemical analyses.
Furthermore, the chemical differences detected between this
new population and the others present in the Southern moun-
tains are also supported by genetic analyses, pointing to a
population split in the Pleistocene and a possible speciation
process going on.
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