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Abstract
Colony breeding systems and dispersal strategies of eusocial insects shape the genetic structure at the colony, but also at
the population level. Most of the few molecular studies dedicated to termites suggest that winged reproductives disperse
far enough to secure the formation of outbred founding pairs. However, these studies almost exclusively focused on woodfeeding termites and knowledge about the dispersal potential of winged reproductives is missing for soil-feeding termites.
We investigated the dispersal and mating strategies of Embiratermes neotenicus and Silvestritermes minutus (Termitidae,
Syntermitinae), two very abundant soil-feeding species from the Neotropics. In both species, analysis of microsatellite markers indicated low genetic similarity between closely located colonies and low genetic differentiation between populations
separated by less than 10 km. Each of the 39 E. neotenicus colonies originated from a single pair of primary reproductives
and the mean inbreeding coefficient of sterile castes was only slightly different from that expected in offspring of an outbred
pair. Most S. minutus colonies (34/41) were consistent with outbred biparental foundation. In three mature colonies, the
genotypes of sterile castes suggested their origin by mixing of multiple related reproductives. Finally, four colonies in late
stage of the colony life cycle contained sterile populations originating from multiple unrelated reproductives. We conclude
that long-distance flights resulting in outbred reproduction are common in these soil-feeding species in pristine habitats but
that other factors, such as mating preferences, could increase relatedness between founders.
Keywords Termites · Population genetic structure · Dispersal · Breeding systems

Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00040-018-0606-y) contains
supplementary material, which is available to authorized users.
* V. Roy
roy@u‑pec.fr
1

Université Paris-Est Créteil, Université Pierre et Marie
Curie, CNRS, INRA, IRD, Université Paris-Diderot, iEESParis, 61 avenue du Général de Gaulle, 94000 Créteil, France

2

Chemistry of Social Insects, The Institute of Organic
Chemistry and Biochemistry, Czech Academy of Sciences,
Flemingovo n. 2, 166 10 Prague, Czech Republic

3

Faculty of Science, Charles University in Prague, Albertov 6,
128 43 Prague, Czech Republic

Genetic structures of colonies and populations of social
insects are shaped by the breeding system as well as by dispersal strategies of individual species. In the majority of termite species, new colonies are founded by a pair of primary
reproductives, which leave the natal nests as flying winged
dispersers (alates). Colony foundation by accidental colony
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fragmentation or by budding of colony portions containing
secondary reproductives is considered a rare alternative to
foundation by alate dispersal flights (Vargo and Husseneder
2011). Such flights generally occur once to twice a year over
a period of a few days to several weeks, and can be synchronized among conspecific nests over distances of several 100
km (Nutting 1969; Martius 2003). Synchronization is vital
for the maintenance of outbreeding, together with sufficient
dispersal distance and mechanisms of outbred mate preference (e.g. Shellman-Reeve 2001). Records on dispersal
distance most often vary from a few to hundreds of meters,
in some cases up to nearly 1 km (Messenger and Mullins
2005; Hu et al. 2007). Molecular studies on population
genetic structure generally support the presumptions of dispersal by flying alates and suggest few budding events since
genetic viscosity, i.e. colonies spatially close being genetically similar, was rarely demonstrated in natural populations
(Vargo and Husseneder 2009; Vargo and Husseneder 2011).
However, these studies are, with rare exceptions, dedicated
to subterranean pest species of the Rhinotermitidae family.
Feeding on soil evolved from the ancestral wood-feeding strategy in the family Termitidae (“higher termites”).
Soil-feeding species occur in several lineages of Termitidae
and represent over one-third of all described termite species. Soil feeders are especially abundant and diversified in
humid tropical forests, where they largely contribute to the
soil humification process. Fundamental knowledge about the
dispersal abilities of alates and (re)-colonization potential of
habitats such as isolated patches or islands after perturbation
is scarce in soil-feeding termites. It was proposed that soil
feeders were poor passive dispersers over water gaps because
their colonies are usually located in the soil or soil-made
nests and are unlikely to raft over water gaps, contrary to
wood feeders frequently drifting in wood pieces (GathorneHardy et al. 2000; Eggleton and Tayasu 2001). Up to date,
a single genetic study investigated the dispersal potential
of alates in soil feeders in pristine habitats, i.e. Fournier
et al. (2016) in Cavitermes tuberosus. Therefore, additional
knowledge on dispersal and mating strategies is of interest
in this ecologically important group.
In the present paper, we report on the colony and population genetic structure in two soil-feeding species with
high local abundances and very large distribution areas
throughout neotropical rainforests, namely Embiratermes
neotenicus (Holmgren 1906) and Silvestritermes minutus
(Emerson 1925) (Termitidae, Syntermitinae). Beside their
typical soil-feeding ecology, our interest in the two species
is further prompted by their unusual breeding system. We
reported recently in both species a breeding strategy known
as asexual queen succession (Fougeyrollas et al. 2015; Fougeyrollas et al. 2017). It was first described in Reticulitermes
speratus (Rhinotermitidae) (Matsuura et al. 2009) and it
is now established in several termite species (reviewed in
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Matsuura 2017). In this system, the founding primary queen
is replaced by numerous neotenic daughters arising through
thelytokous parthenogenesis. The neotenics then take over
the reproduction of the colony and mate with the founder
king. By contrast, all sterile colony members as well as most
alate imagoes are produced by conventional sexual reproduction. The multiplication of female reproductives would
allow an increase of the colony’s reproductive potential and
hence of its population and alate production, while avoiding
inbreeding between reproductives.
While the breeding system of E. neotenicus and S. minutus is now well known, the reproduction of colonies, i.e. the
dispersal and mating strategies, remain to be investigated.
Our field observations and previous genetic analyses suggest
that in spite of the large numbers of neotenics in colonies of
both species, the dispersal of alate imagoes is the exclusive
mode of colony foundation (Fougeyrollas et al. 2015; Fougeyrollas et al. 2017). High nest abundances and accessibility of their above ground parts in both species provide an
opportunity to evaluate how mating and dispersal behaviors
can shape the genetic structure both at small (< 10 km) and
very small (< 300 m) spatial scales.

Materials and methods
Sampling and DNA extraction
Workers and soldiers from 40 E. neotenicus colonies were
sampled in October 2012, May 2013 and March 2014
along an East‒West axis (10 km) and a North‒South axis
(8 km), along the Route de Petit Saut and by the Sinnamary
river in the vicinity of the Petit Saut Dam, French Guiana
(N5°02.662′‒5°07.202′, W53°03.295′‒52°57.878′) (Fig. 1).
Workers and soldiers from 42 S. minutus colonies were
sampled in April and November 2015, along the same
East‒West axis. Local abundance of S. minutus allowed a
sampling scheme based on three sampling sites situated at
similar latitudes (N5°04.3′‒5°04.6′) and distant 3.7, 5, and
8.7 km one from each other, respectively (Fig. 2), with 14
colonies collected at each site. This sampling design was
intended to provide an insight both into genetic structure at
large spatial scale as well as into the patterns at very small
scale (< 300 m).
Fifteen to 20 workers and/or soldiers per colony of E.
neotenicus (N = 795) and 15 soldiers per colony of S. minutus (N = 630) were extracted using the DNeasy Blood &
Tissue Kit (Qiagen, France) following the manufacturer’s
recommendations.
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Fig. 1  Colonies of Embiratermes neotenicus and cytochrome oxidase I haplotype distribution reported on the map of Petit Saut, French Guiana.
Colonies used for isolation by distance analysis were from the three sites indicated on the map: River, RR1 and RR2

Basic population statistics
For E. neotenicus, mitochondrial cytochrome oxidase I
(standard barcoding region) sequences were previously
obtained from one worker/soldier per colony (Fougeyrollas et al. 2015, GenBank Accession Numbers: KP769532‒
KP769535). Because pseudogenes were detected in
cytochrome oxidase I sequences of S. minutus, mitochondrial cytochrome oxidase II was sequenced instead of the
standard barcoding region following the protocol detailed in
Roy et al. (2014), for one soldier per colony. These sequence
data have been submitted to the GenBank database under
AN MG725658–MG725663. E. neotenicus cytochrome
oxidase I and S. minutus cytochrome oxidase II sequences
were aligned using the MUSCLE algorithm implemented
in Seaview 4.6. (Gouy et al. 2010). DnaSP 5.10.01 (Librado
and Rozas 2009) and Arlequin 3.5.2 (Excoffier and Lischer
2010) were used to propose various estimators of the genetic
diversity in a population: the number of haplotypes, haplotype diversity, number of variable sites, Nei’s nucleotide
diversity (1987) and Watterson’s theta estimator (1975) for

the total dataset for E. neotenicus and S. minutus, and for
each sampling site for S. minutus.
E. neotenicus workers/soldiers were genotyped at 9
microsatellite loci: 5 loci were previously described (i.e.
En08, En10, En11, En15 and En19) (Fougeyrollas et al.
2015) and 4 additional loci (i.e. En25, En35, En37 and
En39) were developed for the present population genetic
study (Supplementary Table S1). S. minutus soldiers were
genotyped at 12 microsatellite loci previously described in
Fougeyrollas et al. (2017). Microsatellite allele sizes were
scored using GeneMapper 5.0 (Applied Biosystems, France).
In the first step, we excluded from further analyses one E.
neotenicus sample and one S. minutus sample, both showing
the genotypic pattern identical to that of the closest sampling
point, suggesting repeated sampling of individuals originating from the same colony. Subsequently, different measures
of genetic variation, i.e. number of alleles, Nei’s unbiased
expected heterozygosity, observed heterozygosity and fixation index, were calculated for each locus and over loci with
Genetix 4.05.2 (Belkhir et al. 2004) and Fstat 2.9.3.2 (Goudet 2001), using a single worker/soldier from each colony
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Fig. 2  Colonies of Silvestritermes minutus and cytochrome oxidase II
haplotype distribution reported on the map of Petit Saut, French Guiana. Filled symbols represent simple families, open symbols mixed

families, crossed symbols extended families. Colonies used for isolation by distance analysis were from the three sites indicated on the
map: Football Field, PK24 and RR1

(NE. neotenicus = 39 and NS. minutus = 41) in order to prevent
within-colony relatedness bias. Exact tests for departures
from the Hardy–Weinberg equilibrium for each locus and
over loci, and linkage disequilibrium between all pairs of
loci were performed using Genepop on the Web (Raymond
and Rousset 1995). Genotyping errors due to null alleles,
large allelic drop-outs or stutter bands were checked using
Micro-checker 2.2.3 (Van Oosterhout et al. 2004).

correlations between genetic (Edwards’ distances) and geographic distances (Euclidean distances) was tested using a
Mantel test with 999 permutations using the package adegenet 2.0.1 in R 3.3.0 (Jombart 2008).

Isolation by distance
Viscosity or genetic isolation by distance, the continuous
increase in genetic differentiation among individuals with
geographical distance due to limited dispersal, was assessed
within three sites with the largest numbers of sampled colonies, i.e. River, RR1 and RR2 for E. neotenicus and Football
Field, PK24 and RR1 for S. minutus. Ten replicated microsatellite datasets with a random single individual from each
of the colonies were constructed and the significance of the
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Bayesian clustering
Replicated microsatellite datasets were analyzed using two
spatially explicit Bayesian clustering methods implemented
in Baps 6 (Corander et al. 2008) and in Geneland package in R 3.3.0 (Guillot et al. 2005), in order to infer the
number of genetic clusters and their spatial boundaries, and
one non-explicit method implemented in Structure 2.3.4
(Pritchard et al. 2000). Baps simulations were run ten times
for each of K = 1–10 using population mixture analysis with
the spatial clustering of individuals option. Geneland simulations were run using the correlated frequencies model, K
was allowed to vary from 1 to 10 and 100,000 MCMC iterations were run using a thinning interval of 100. Structure
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simulations were run with the following settings: admixture
model, allele frequencies correlated, a burn-in of 50,000 and
100,000 Markov chain Monte Carlo (MCMC) repetitions.
Ten iterations were run for each assumed cluster (K = 1‒10).
Structure Harvester 0.6.94 (Earl and vonHoldt 2012) was
used to determine the optimal K value following Delta K
method (Evanno et al. 2005). Once the number of clusters
was defined, all iterations were aligned using the Greedy
algorithms implemented in Clumpp (Jakobsson and Rosenberg 2007).
Hierarchical F-statistics were estimated at different levels
with the package hierfstat (Goudet 2005) in R 3.3.0: differentiation among colonies within the total population (FCT),
differentiation among colonies within highlighted Bayesian
genetic clusters (FCG) and differentiation between clusters
within the total population (FGT). Significance of F-statistics
was assessed from 95% confidence intervals (CI) by bootstrapping over loci.

Colony genetic structure
We evaluated the maximum number of alleles and genotypes observed in each colony, and G-tests summed over
loci were performed to compare observed genotype distribution to theoretical expectations under Mendelian distribution. We classified colonies into three family types according
to Vargo et al. (2003) and DeHeer and Vargo (2004): “simple
families” headed by a monogamous pair of reproductives
(≤ 4 alleles and ≤ 4 genotypes at any locus, PG-test ≥ 0.05),
“extended families” headed by multiple inbred neotenics
produced within the nest (≤ 4 alleles and > 4 genotypes at
one or more loci or PG-test < 0.05) and “mixed families”
headed or founded by multiple unrelated reproductives (> 4
alleles at one or more loci). In simple families, parental genotypes were reconstructed using a Punnett square. In order
to further investigate biological origins of mixed families,

sibships were investigated using ten additional genotyped
soldiers per mixed family with Colony 2.0.6.3 (Jones and
Wang 2010). Analyses were run without individuals carrying singleton alleles in order to exclude genotyping errors
or sampling of solitary foreign individuals, so that reconstructed sib patterns correspond to a representative biological mixing of the colonies.
Inbreeding coefficients (FIC, inbreeding within colonies;
FIT, inbreeding at the population level; FCT, genetic differentiation among colonies) (Thorne et al. 1999) were calculated for the sterile castes and their significance tested
by bootstrapping over loci with 1000 replications to generate 95% confidence intervals using Fstat. The relatedness
among nestmates and, when possible, among reproductive
pairs using reconstructed parental genotypes, was estimated
using Relatedness 5.0.8. (Goodnight and Queller 1998).
Estimates were bias corrected, and standard errors and 95%
confidence intervals were calculated by jackknifing over loci
and compared with the expected values.

Results
Basic population statistics
Cytochrome oxidase I dataset of E. neotenicus comprised
39 sequences of 653 bp, three polymorphic sites and four
haplotypes (Table 1). The haplotype diversity was 0.646,
the nucleotide diversity was 0.0012 and the Watterson’s
theta estimator was 0.0011. Haplotypes 1 and 3 were found
both along the East‒West and the North‒South axes (Fig. 1).
Haplotype 2 was only detected at the extreme West, near the
Petit Saut Dam, while haplotype 4 was only found along the
North‒South axis, in the East of the study area.
Six haplotypes were identified for the full cytochrome
oxidase II dataset of S. minutus (41 sequences), with five

Table 1  Basic population statistics estimated from microsatellite and mitochondrial datasets for the total population (E. neotenicus and S. minutus) and for each sampling site (S. minutus)
Sites

Nind

E. neotenicus
All
39
S. minutus
All
41
FF
14
PK24
13
RR1
14

Mitochondrial data

Microsatellite data

Nhap

h ± SD

Nvs

pi ± SD

theta ± SD

4

0.646 ± 0.043

3

0.0012 ± 0.0001

0.0011 ± 0.0007

6
3
1
4

0.273 ± 0.091
0.275 ± 0.148
0
0.495 ± 0.151

5
2
0
3

0.0004 ± 0.0001
0.0004 ± 0.0002
0
0.0008 ± 0.0003

0.0017 ± 0.0009
0.0009 ± 0.0007
0
0.0014 ± 0.0009

Na

HE

HO

p

FIS

4.4

0.490

0.479

0.844

0.037

10.9
8.1
7.7
7.7

0.720
0.695
0.691
0.689

0.695
0.655
0.724
0.708

0.066
0.096
0.979
0.465

0.046
0.095
− 0.009
0.009

Nind, number of individuals; Nhap, number of mitochondrial haplotypes; h, haplotype diversity; SD, standard deviation; Nvs, number of variable
sites; pi, Nei’s nucleotide diversity; theta, Watterson’s theta estimator; NA, mean number of alleles per microsatellite locus; HE, expected heterozygosity; HO, observed heterozygosity; p, exact p value estimated by the Markov chain method for the Hardy–Weinberg test; FIS, fixation index
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variable sites on 678 bp (Table 1). The haplotype diversity was 0.273, the nucleotide diversity was 0.0004 and the
Watterson’s theta estimator was 0.0017. Haplotype 1 was
recorded in all three sampling sites, haplotypes 2 and 3 were
identified exclusively at Football Field, at the extreme West
of the study area, and haplotypes 4, 5 and 6 were detected
only at RR1, in the extreme East (Fig. 2).
All E. neotenicus microsatellite markers were polymorphic with a number of alleles per locus ranging from 2 to
7 (Supplementary Table S1). None of the nine loci deviated significantly from the Hardy–Weinberg equilibrium
(0.118 ≤ p ≤ 1) and there was no significant gametic disequilibrium between the 36 pairs of loci (0.168 ≤ p ≤ 1), except
for one pair (En11 and En25, p = 0.011). For the complete
sample set, the mean values of expected and observed heterozygosity over loci were 0.490 and 0.479, respectively,
and no deviation from the Hardy–Weinberg equilibrium was
detected (p = 0.844) (Table 1).
The number of alleles per locus in S. minutus varied from
2 to 18 (Supplementary Table S2). No significant deviation
from the Hardy–Weinberg equilibrium was observed for any
of the loci (0.053 ≤ p ≤ 0.781) and none of the 66 pairs of
loci was in significant linkage disequilibrium (0.187 ≤ p ≤ 1),
except for one pair (Lal5 and Sm27, p = 0.045). The mean
values for expected and observed heterozygosity over loci
were 0.720 and 0.695, respectively, for the full sample set
and no deviation from the Hardy–Weinberg equilibrium was
observed (p = 0.066) (Table 1). When considering each sampling site separately, the mean number of alleles per locus
was 8.1 for Football Field, 7.7 for PK24 and 7.7 for RR1.
The mean values for expected/observed heterozygosity for
all loci were 0.695/0.655, 0.691/0.724 and 0.689/0.708 for
Football Field, PK24 and RR1, respectively, and no deviation from the Hardy–Weinberg equilibrium was detected
(0.096 ≤ p ≤ 0.979) (Table 1).

Isolation by distance
No significant correlation was found between genetic differentiation and geographical distance among E. neotenicus colonies of Petit Saut for 9/10 replicated datasets of the
River site (Mantel tests: r = − 0.445 to 0.235, p > 0.05, 999
permutations), 10/10 replicated datasets of RR1 (r = − 0.028
to 0.373, p > 0.05, 999 permutations) and 9/10 replicated
datasets of RR2 (r = − 0.124 to 0.250, p > 0.05, 999 permutations) (Fig. 3). Similarly, no significant evidence for isolation by distance was detected among S. minutus colonies for
9/10 replicated datasets of the Football Field site (Mantel
tests: r = − 0.057 to 0.196, p > 0.05, 999 permutations), for
10/10 replicated datasets of PK24 (r = − 0.131 to 0.180,
p > 0.05, 999 permutations) and 10/10 replicated datasets
of RR1 (r = − 0.116 to 0.196, p > 0.05, 999 permutations)
(Fig. 3).
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Population genetic structure
For both E. neotenicus and S. minutus microsatellite replicated datasets, Structure showed no evidence for population structure (data not shown). The optimal value of K,
determined by the Delta K method, was different depending on the replicates. Whatever the K retained, the posterior
probabilities of assignment of each individual were distributed across all of the K clusters.
Bayesian spatial analyses with Baps returned the probabilities of one cluster comprised between 0.857 and 1.000
for 10/10 E. neotenicus replicated microsatellite datasets,
and between 0.684 and 0.999 for 8/10 S. minutus replicates.
The analyses of the two remaining S. minutus replicates
identified three clusters, independent of the sampling sites,
with probabilities of 0.764 and 0.506. In these cases, each
of the two additional clusters was constituted by only one
colony.
Geneland analyses identified two genetic clusters (K = 2)
for 9/10 E. neotenicus microsatellite replicated datasets and
three clusters (K = 3) for 1/10 replicated dataset (Table 2).
For K = 2, colonies from the extreme West were assigned
to the first cluster and the remainder of the colonies were
assigned to the second cluster (Fig. 4). For the majority of
S. minutus replicated datasets, i.e. 7/10, Geneland identified
two genetic clusters (K = 2), and three clusters (K = 3) for
the remaining three replicated datasets (Table 2). For K = 2,
colonies from the extreme West of the study area (Football
Field site) were assigned to the first cluster and the remainder of the colonies (PK24 + RR1 sites) were assigned to the
second cluster for 6/10 replicated datasets (Fig. 4).
The genetic differentiation was estimated using the two
Bayesian clusters retrieved by Geneland for the majority of replicates in both species, i.e. the small Western
cluster and the large Eastern cluster. For E. neotenicus,
hierarchical F-statistics returned significant values for
FCT=0.3123 (95% CI 0.2756‒0.3430), for FCG=0.2597
(95% CI 0.2468‒0.2714) and for FGT=0.0711 (95% CI
0.0249‒0.1134). Following the classification of Wright
(1978), this last value corresponds to moderate genetic differentiation between E. neotenicus colonies of the small
Western cluster and the large Eastern cluster.
For S. minutus, hierarchical F-statistics analyses indicated
significant values for FCT (0.2718, 95% CI 0.2592‒0.2834),
for F CG (0.2549, 95% CI 0.2438‒0.2668) and for FGT
(0.0227, 95% CI 0.0103‒0.0360). The global FGT value suggested a low genetic differentiation between the two clusters.

Genetic structure of colonies
For each of the 39 E. neotenicus colonies, a maximum of
four alleles and four genotypes at each locus was observed in
soldiers/workers. Mendelian distribution of parental alleles
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Fig. 3  Example of plots obtained for the isolation by distance analysis. Local density of points was plotted using a two-dimensional kernel density estimation. Dgeo geographical distances in meters, Dgen

genetic distances. Analyses were realized for the sites of River, RR1
and RR2 for E. neotenicus and for the sites of Football Field, PK24
and RR1 for S. minutus

Table 2  Results from the spatially explicit Bayesian clustering
method implemented in Geneland for the ten microsatellite datasets
of E. neotenicus and S. minutus

within colonies (G-tests across loci, p = 0.081‒0.995) and
strongly negative FIC value (− 0.328, 95% CI − 0.358 to
− 0.297) were consistent with a “simple-family” organization (Table 3). The high F CT value (0.275, 95% CI
0.257‒0.288) indicated genetic differentiation between colonies. The inbreeding coefficient of simple families (FIT)
was equal to 0.037 (95% CI 0.019‒0.055) indicating low
but significant inbreeding within colonies. Mean relatedness among sterile nestmates (r) was slightly superior to 0.5
(r = 0.529, 95% CI 0.495‒0.563). Mean relatedness within
the inferred reproductive pairs was equal to 0.039 (95% CI
− 0.091 to 0.1693).
For 34/41 S. minutus colonies and all microsatellite
loci, a maximum of four alleles and four genotypes were
recorded in sterile castes. Observed frequencies of neutral
genotypes did not deviate from expected values under Mendelian distribution of paternal and maternal alleles (G-tests
across loci, p = 0.236‒1). The FIC value was strongly negative (− 0.356, 95% CI − 0.375 to − 0.335), suggesting a
low number of reproductives, and the FIT value was not significant (0.004, 95% CI − 0.017 to 0.027), indicating the

Replicate 1
Replicate 2
Replicate 3
Replicate 4
Replicate 5
Replicate 6
Replicate 7
Replicate 8
Replicate 9
Replicate 10

E. neotenicus

S. minutus

K = 2 (w/E)
K = 2 (w/E)
K = 2 (w/E)
K = 2 (w/E)
K = 3 (w/c/E)
K = 2 (w/E)
K = 2 (w/E)
K = 2 (w/E)
K = 2 (w/E)
K = 2 (w/E)

K = 3 (FF/PK24/RR1)
K = 2 + “1” (w/E = FF/PK24 + RR1)
K = 3 (FF/PK24 + RR1/RR1)
K = 2 (w/E = FF/PK24 + RR1)
K = 3 (FF/PK24/RR1)
K = 2 (w/E = FF/PK24 + RR1)
K = 2 (w/E = FF/PK24 + RR1)
K = 2 (FF + RR1/PK24)
K = 2 + “1” (w/E = FF/PK24 + RR1)
K = 2 + “1” (w/E = FF/PK24 + RR1)

K, number of inferred clusters; + “1”, “ghost” cluster without individuals assigned within; w, small western cluster; E, large eastern
cluster; c, central cluster
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Fig. 4  Population structure of E. neotenicus and S. minutus colonies
as estimated by the Geneland analyses. Maps of posterior probabilities of the Western and Eastern clusters (K = 2) for E. neotenicus and

S. minutus. The highest membership values are in light tone and the
level curves illustrate the spatial changes in assignment values

Table 3  F-statistics and relatedness coefficient in E. neotenicus and S. minutus for simple families, extended families and mixed families
FIT
E. neotenicus
Simple families
N = 39
S. minutus
Simple families
N = 34
Extended families
N=3
Mixed families
N=4

FCT

FIC

r

0.037 (0.019–0.055)

0.275 (0.257–0.288)

− 0.328 (− 0.358 to − 0.297)

0.529 (0.495–0.563)

0.004 (− 0.017–0.027)

0.266 (0.252–0.281)

− 0.356 (− 0.375 to − 0.335)

0.519 (0.493–0.544)

0.158 (0.072–0.244)

0.354 (0.294–0.416)

− 0.303 (− 0.347 to − 0.252)

0.602 (0.510–0.684)

− 0.001 (− 0.034–0.039)

0.174 (0.149–0.200)

− 0.212 (− 0.237 to − 0.181)

0.308 (0.270–0.345)

95% confidence intervals are indicated in brackets
N, number of colonies; FIT, inbreeding at the population level; FCT, genetic differentiation among colonies; FIC, inbreeding within colonies; r,
relatedness coefficient

absence of inbreeding (Table 3). Relatedness among sterile
nestmates was r = 0.519 (95% CI 0.493‒0.544) and relatedness between individuals of inferred reproductive pairs was
equal to − 0.044 (95% CI − 0.079 to − 0.009). These results
suggested a simple family organization with an outbred pair
of founding reproductives. For 3/41 colonies, we observed
a maximum of four alleles but more than four genotypes
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for at least two loci, a significant FIT value (0.158, 95% CI
0.072‒0.244), a strongly negative FIC value (− 0.303, 95%
CI − 0.347 to − 0.252) and a high relatedness among sterile
nestmates (r = 0.602, 95% CI 0.510‒0.684) (Table 3). This
pattern corresponds to extended families. In 4/41 colonies,
more than four alleles were recorded for at least three microsatellite loci and more than four genotypes were observed
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for at least 5/12 loci, a pattern consistent with mixed families and confirmed by F-statistics (Table 3). Therefore, ten
additional soldiers were genotyped in these colonies to infer
sibships and parental genotypes based on a larger number
of offspring. In two colonies, two sibships could be reconstructed, produced by three reproductives (one reproductive shared by both sibships and one opposite sex-reproductive specific to each sibship). In one colony, four sibships
were reconstructed, three sharing a reproductive and one
produced by a couple of independent parents. In the last
colony, two sibships were reconstructed, each produced by
one independent couple of parents. In mixed families, relatedness between sterile nestmates was equal to 0.308 (95%
CI 0.270‒0.345), relatedness between inferred opposite
sex-reproductives was equal to − 0.120 (95% CI − 0.215 to
− 0.024), and relatedness between same-sex reproductives
was equal to 0.021 (95% CI − 0.0785 to 0.1213).

Discussion
Population genetic structure can arise at fine spatial scales
when species have limited dispersal, leading to close spatial associations between relatives. In subterranean termites, short dispersal flights and/or budding have seldom
been supported by genetic data (e.g. Baudouin et al. 2017;
Perdereau et al. 2013, see Vargo and Husseneder 2011 for a
review). The absence of isolation by distance was recently
reported in the humivorous Cavitermes tuberosus, suggesting a relatively long-range dispersal (Fournier et al. 2016).
Likewise, we did not observe fine-scale population viscosity in Embiratermes neotenicus and Silvestritermes minutus.
Dispersal mediated by human transportation or rafting is
very unlikely in soil feeders because reproductives are never
found in human-manufactured or infested pieces of wood,
unlike xylophagous termites (García et al. 2002; Brandl et al.
2005). Bourguignon et al. (2009) suggested that high elevation flight was an important feature for long dispersal distance in tropical rainforest termites. Termitidae alates were
abundant in the canopy of a Panamanian forest and were
caught up to a height of 28 m. By flying high, alates may
take advantage of air currents above the upper canopy, and
passive drift by winds could represent an important component of dispersal.
In the absence of barriers to dispersal, high rates of
gene flow between sampled sites were thus expected in E.
neotenicus and S. minutus. At a larger scale, i.e. ~ 10 km,
clustering analyses indicated no or very weak spatial variation in genetic constitution for both species. Analyses
conducted with Structure and Baps programs failed in
detecting population genetic structure, including when
Structure was allowed to make use of information about
sampling locations. On the contrary, Geneland program
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was able to detect two spatial clusters for the majority of
the replicated datasets, i.e. a small Western cluster composed of colonies established in the vicinity of the Sinnamary River and the dam, and a large Eastern cluster
composed of all remaining colonies. Genetic differentiation between these clusters was low but significant. It has
been previously postulated that when the data contain relatively little information, non-spatial Bayesian clustering
algorithms sometimes do not provide a clear indication of
population structure even when datasets show significant
FST values between samples of individuals collected at different locations (Hubisz et al. 2009). Based on simulation
studies, the Geneland model seems appropriate to infer
recent linear geographical boundaries to gene flow, such as
consequences of recent fragmentation and habitat destruction (Blair et al. 2012). Landscape features and habitat
connectivity are known to influence dispersal patterns and
genetic structure among natural populations. The relative
genetic isolation of the Western S. minutus colonies agrees
with the geographical isolation of the Football Field site,
situated in a deep and flat, regularly inundated valley, surrounded by slopes of up to 30 m of height. Furthermore,
two close physical barriers at the extreme West of the
road, the river and the dam, and the associated activity, i.e.
flooding, roads connecting the dam and exterior lightings
around the dam area, could have acted or currently act as
potential obstacles to gene flow between Western colonies
and the remainder of Petit Saut colonies.
Highly variable loci such as microsatellites are efficient
for studies of fine-scale genetic structure and represent the
most suitable markers for investigations regarding the consequences of recent or contemporary (ongoing to a few tens
of generations) landscape-level habitat modifications (Wang
2010; Wang 2011). On the opposite, maternally inherited
mitochondrial markers, which evolve at slower rates, generally lack the resolution to reveal fine scale-structure and
are thus best suited for inferring historical processes over
hundreds to thousands of generations and large spatial
scales. Therefore, the combined use of markers with different modes of inheritance can reveal differences in the longterm accumulated effects of sex-bias in dispersal (Anderson
et al. 2010). Interestingly, the slight genetic differentiation
obtained with microsatellite data for the Western colonies
seems corroborated by the geographic distribution of mitochondrial haplotypes. The presence of unique haplotypes
both at the extreme West and East of the Petit Saut Road (E.
neotenicus: haplotypes h2 vs. h4 and S. minutus: haplotypes
h2 and h3 vs. h4, h5 and h6) suggests that the spatial patterns
observed could be more ancient than the construction of the
dam (1989–1994). Additional genetic investigations deserve
to be conducted at much larger geographical scales, in order
to disentangle the direct effects of landscape structure from
historical barriers to gene flow.
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Our data on colony genetic structure also provided clues
to understand mating patterns between primary reproductives, in connection with dispersal abilities. In 100% of E.
neotenicus colonies and 83% of S. minutus colonies, the
genotypes of sterile castes were consistent with expectations
for simple families, indicating that colonies were headed by
a single pair of primary reproductives. At the same time,
the genetic constitution was consistent with mating of the
founding primary king with a harem of neotenic queens, parthenogenetically produced by the foundress. Such a breeding system, called asexual queen succession, was recently
documented in the two studied species (Fougeyrollas et al.
2015; Fougeyrollas et al. 2017). Molecular studies in various
species of termites reported that relatedness between reproductive individuals of simple families may vary among species, and among populations in a species (reviewed in Vargo
and Husseneder 2011). Accordingly, the inbreeding pattern
was different in the two species. No significant inbreeding
was detected in S. minutus steriles and relatedness values
between inferred parents of simple families was close to
zero, confirming outbred origin of primary reproductives
following long-range dispersal. By contrast, the FIT value
for E. neotenicus steriles in simple families was significantly
different from that expected for the offspring of a totally
outbred pair of reproductives, indicating that some colonies
could be headed by a pair of slightly related reproductives.
Inbreeding in simple families is generally explained
by the pairing of related primary reproductives following
short-range and/or asynchronous flights between colonies.
However, as discussed above, no evidence was found for
this hypothesis in E. neotenicus. Similar results were found
for Coptotermes lacteus, a Rhinotermitidae building large
mounds in Australia, in which primary inbreeding was not
associated with viscosity (Thompson et al. 2007). Another
hypothesis to explain deviations from the Hardy–Weinberg
equilibrium in C. lacteus was a preference for non-sibling
relatives over totally unrelated mates, i.e. ‘optimal outbreeding’ (Bateson 1983). Indeed, mating with genetically too
distant partners can reduce the fitness of the offspring and
lead to an outbreeding depression (Charlesworth and Willis
2009), while reasonably inbred matings could have positive
effects on the inclusive fitness of the parents by increasing their representation of genes identical by descent in
future generations. Thus, individuals should either avoid or
favor inbred matings in order to balance the cost of inbreeding depression and the benefit of inbreeding (Kokko et al.
2006). A last hypothesis to explain inbred simple families
is the presence of couples of related reproductives, implying a primary and a neotenic, or two neotenics produced
by sexual reproduction (Vargo and Husseneder 2011). This
hypothesis is particularly supported when reproductives are
not collected and when genotypes of the reproductive pair
are inferred from genotypes of steriles. In the case of E.
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neotenicus, genetic data were previously obtained for reproductive individuals only for a restricted number of colonies,
but the contribution of sexually-produced neotenic individuals to offspring was never demonstrated (Fougeyrollas et al.
2015).
A small proportion of S. minutus colonies (3/41) was
evaluated as extended families. In the formal definition,
extended families are colonies headed by more than two
reproductives and arise from inbreeding between parents
and offspring or from brother–sister inbreeding. Our direct
observations on the breeding structure indicated that all
these three cases were colonies containing one primary king
and a harem of neotenic females. We showed previously that
a small proportion of sexually produced neotenic queens
occurs in some colonies (5% of all genotyped neotenic
females) (Fougeyrollas et al. 2017). Therefore, the observed
inbreeding in the three colonies may likely be due to incestuous mating between the primary king and his daughters, i.e.
neotenic females of sexual origin.
Finally, the genotypes in 4/41 S. minutus colonies indicated a mixed family structure, with the gene pool originating in at least three unrelated colony founders. Interestingly,
three of these colonies were dispersing colonies, containing
hundreds of alate dispersers together with a population of
sterile castes, but no functional reproductives and young
brood or eggs. The fourth colony was a large post-dispersal
colony without alates, functional reproductives and young
brood. The social composition of these colonies was in line
with our proposed life cycle dynamics in S. minutus, characterized by a single massive dispersal of alates 3 years after
colony foundation, preceded by the disappearance of reproductives and followed by a gradual decline of the sterile
population in most colonies (Fougeyrollas et al. 2017). Our
present observations suggest mixing of the original colony
population with neighboring colonies during the pre-dispersal and/or post-dispersal period, following the disappearance of the reproductives. In particular, one of the dispersing
colonies showed a very clear genetic pattern corresponding
to the mixing of two colonies, with two full-sib sets, each
produced by a couple of parents. It is difficult to judge how
frequent are the mixings of unrelated colonies in declining
nests and whether they represent veritable colony fusions or
only exploitation of nesting and foraging resources by neighboring prospering colonies. Nevertheless, lowered agonism
resulting in colony fusions in specific phases of the life cycle
and particular seasons were previously reported to occur in
some species (Clément 1986; Kaib and Brandl 1992; Bulmer
and Traniello 2002), including acceptance of non-nestmates
by colonies with a high proportion of nymphs (Matsuura and
Nishida 2001). The other three dispersing colonies showed
a more complex genetic pattern that can be explained by
the contribution of at least two same-sex reproductives and
a shared opposite-sex reproductive. Theory predicts that
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mixed families can also arise when alates initiate colonies in
cooperative groups of unrelated individuals (pleometrosis)
(Thorne 1984; Darlington 1985; Hacker et al. 2005) or when
they infiltrate mature, unrelated colonies immediately after
dispersal. Adoption of foreign reproductives was reported
experimentally in colonies where nymphs were absent (Neoh
et al. 2012). Although our field observations do not suggest
the adoption of reproductives, we could not totally rule out
this last hypothesis. Indeed, our F-statistics were in line with
models proposed by Thorne et al. (1999) and Bulmer et al.
(2001) for adoption of unrelated reproductives, i.e. low FCT,
negative FIT, negative FIC and r < 0.5.
Despite the abundance and species richness of soil-feeding termites in tropical forests and their positive impact on
the organic matter cycling, we are far from understanding
the dynamics of their dispersal and colonization capacities
and their mate choice mechanisms. Recent research indicates that the breeding systems, another factor shaping the
population genetics, may also be particularly diversified in
the tropical soil feeders, including the previously unexpected
cases of asexual queen succession strategies. The present
study focuses on fine-scale population genetics of two sympatric species using these strategies and known for their
large distribution areas in Neotropics. Comparative studies
on population genetics of related (e.g. congeneric) sympatric species with a traditional breeding structure might be
of particular interest to decipher the impact of the unusual
breeding systems on the genetics of populations.

Data availability
We have deposited the primary data underlying these analyses as follows:
• DNA sequences: GenBank accessions MG725658–

MG725663.

• Microsatellite characteristics uploaded as online Supple-

mentary Material
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