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Abstract Do host invaders and their associated
symbiont co-invaders have different genetic responses
to the same invasion process? To answer this question,
we compared genetic patterns of native and exotic
populations of an invasive symbiont-host association.
This is an approach applied by very few studies, of
which most are based on parasites with complex life
cycles. We used the mitochondrial genetic marker
cytochrome oxidase subunit I (COI) to investigate a
non-parasitic freshwater ectosymbiont with direct life-
cycle, low host specificity and well-documented
invasion history. The study system was the crayfish
Procambarus clarkii and its commensal ostracod
Ankylocythere sinuosa, sampled in native (N Ameri-
can) and exotic (European) ranges. Results of analyses
indicated: (1) higher genetic diversity in the symbiont
than its host; (2) genetic diversity loss in the exotic
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range for both species, but less pronounced in the
symbiont; (3) native populations genetically struc-
tured in space, with stronger patterns in the symbiont
and (4) loss of spatial genetic structure in the exotic
range in both species. The combination of historical,
demographic and genetic data supports a higher
genetic diversity of source populations and a higher
propagule size that allowed the symbiont to overcome
founder effects better than its host co-invader. Thus,
the symbiont might be endowed with a higher adaptive
potential to new hosts or off-host environmental
pressures expected in the invasive range. We highlight
the usefulness of this relatively unexplored kind of
symbiont-host systems in the invasion context to test
important ecological and evolutionary questions.
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Introduction

Biological invasions serve as unplanned experiments
for understanding fundamental ecological and evolu-
tionary processes (Sax et al. 2007). The potential
harmful effects of small population sizes, an important
concern in conservation genetics, have been tested in
the context of invasions, leading to a genetic paradox
(Allendorf and Lundquist 2003). Invasive species are
expected to suffer a bottleneck during the invasion
process due to founder effects. Conservation genetics
predicts that the loss of genetic diversity from a
bottleneck will produce two adverse effects: inbreed-
ing depression will decrease fitness, and the reduced
genetic diversity will limit the ability of invasive
species to evolve in the new environment. Contradict-
ing the theory, invasive species often overcome these
problems and, in some cases, are favoured by rapid
evolution (Huey et al. 2000).

Empirical data from both plants (Novak and Mack
2005) and animals (Wares et al. 2005) show that, in
practice, invasive species often do not appear to be
affected by founder effects. The most important
mechanism invoked to explain this phenomenon is
propagule pressure (Lockwood et al. 2005), which has
two components: propagule size (i.e. number of
individuals in any one release event) and propagule
number (number of release events). Native popula-
tions are often genetically structured, so that in the
invasive range, multiple propagule events from dif-
ferent source populations promote admixture, which
increases within-population and reduces among-pop-
ulation genetic variance (Kolbe et al. 2008). In the
particular case of a unique invasion event or a low
number of events, propagule size (together with
genetic diversity of source populations and exotic
population growth rates) is expected to play a major
role in determining the initial effective population size
of the invasive species and, therefore, the size of the
bottleneck effects the invader will suffer (Cox 2004).

Co-invasions by host organisms and their sym-
bionts may provide novel insights into these issues.
Symbiont-host associations are subjected to macro and
micro-evolutionary processes that make them models
of special interest for evolutionary ecologists (Poulin
2007). The co-evolution of symbiont-host systems has
produced a great diversity of interaction types (a
continuous gradient between parasitism and mutual-
ism), symbiont life cycles (from very simple to highly
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complex, including various intermediate hosts), repro-
ductive modes (including hermaphroditism, gonocho-
rism and parthenogenesis), dispersal mechanisms
(depending on the kinds of hosts exploited and off-
host dispersal) and levels of host specificity (Poulin
and Morand 2005). All of these factors may influence
genetic diversity and population structure, and conse-
quently the evolutionary responses of the symbiont-
host system. For example, during the co-evolutionary
process of mutualist interactions, both associates can
evolve at the same speed, whereas parasites may have
the need to evolve faster than their hosts (Combes
2004). Symbionts with recurrent generations on a
single host, like many phytophagous insects, are
expected to be largely homozygous and to have low
genetic diversity. In contrast, symbionts that release
offspring into the external environment, where they
are mixed and then recruited back into new hosts, have
similar or higher levels of genetic diversity than their
hosts, as occurs in most animal macroparasites
(Criscione et al. 2005). Outcrossing species tend to
have higher levels of diversity than selfing species
(Jarne 1995; Charlesworth 2003). Whereas effective
population sizes (related to adaptive potential) of
symbionts with direct life cycles are expected to be
directly correlated to the number of adult symbionts in
the host population, the existence of intermediate hosts
in symbionts with complex life cycles produces more
complex demographic patterns (Criscione et al. 2005).
Host dispersal is a key determinant of gene flow and
genetic structure among symbiont populations (Blouin
et al. 1995; Criscione and Blouin 2004). Additionally,
low host specificity can promote sympatric patterns of
genetic structure as a result of host-related selective
pressures (McCoy et al. 2001). Thus, there is a wide
variety of life history traits exhibited by symbionts that
are likely to affect their population genetics and,
therefore, their genetic responses to bottlenecks (in-
cluding invasion bottlenecks).

Symbionts accompanying invasive hosts are known
to be affected by strong filters during the invasion
process, acting at the interspecific level to reduce
symbiont richness of the host species (Torchin et al.
2003). However, do filters act at the intraspecific level,
making symbiont invaders more sensitive to founder
effects than their host co-invaders? In the absence of
strong intraspecific filters, differences in effective
population size and genetic diversity between the
symbiont and its host in the source populations, and
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their differences in evolutionary rates, are expected to
be key factors determining whether the symbiont and
host respond differently to an invasion bottleneck
(Cox 2004). Strength of founder effects may challenge
the adaptive potential of symbiont invaders to new
environmental challenges emerging in the invasion
context. Given that symbionts often influence the
invasion success of their hosts and produce dramatic
effects on native biota (Roy and Handley 2012),
understanding genetic responses of symbiont-host co-
invaders that share the same invasion process is not
only of general evolutionary interest, but also a crucial
topic in invasion biology. Surprisingly, very few
studies have compared intraspecific genetic diversity
patterns of native and exotic populations of a
symbiont-host association, all of them based on
parasites of marine or intertidal environments (i.e.
Miura et al. 2006; Blakeslee et al. 2008; Stefani et al.
2012; Gaither et al. 2013). Three of these studies were
based on parasitic symbionts with complex life cycles
(trematodes and nematodes) and intermediate (Miura
et al. 2006; Blakeslee et al. 2008) or definitive (Gaither
et al. 2013) hosts, whereas the other is based on a
monogenean parasite, with direct life cycle (Stefani
et al. 2012). Results generally indicated congruent
genetic diversity patterns in the exotic symbiont and
its host, with either a similar decrease in diversity
(Miura et al. 2006; Blakeslee et al. 2008; Gaither et al.
2013) or an absence of significant bottleneck effects
(Stefani et al. 2012) in both co-invaders. The only
exception was an exotic trematode that had similar
genetic diversity to native populations, even though its
intermediate host, a marine mud snail, showed a
severe diversity drop in the invasive range (Miura
et al. 2006). This incongruous pattern was explained
by an alternative introduction pathway for the sym-
biont, different from the snail, via migrant birds
(definitive hosts).

The crustaceans Ankylocythere sinuosa (Rioja,
1942) and Procambarus clarkii (Girard, 1852) form
a symbiont-host association that co-invaded Europe
after two consecutive human-mediated introductions
for aquaculture purposes in 1973 and 1974 respec-
tively (Gutiérrez-Yurrita et al. 1999; Mestre et al.
2013). P. clarkii is native to NE Mexico and S Central
USA, extending westward to Texas, eastwards to
Alabama, and northwards to Tennessee and Illinois
(Hobbs 1972). Introduction of P. clarkii into Europe
was thoroughly documented by various authors (see

Gutiérrez-Yurrita et al. 1999). In June 1973, a batch of
P. clarkii (100 kg) was transported from New Orleans
(Louisiana, USA), to a crayfish farm in Badajoz (SW
Iberian Peninsula), and a year later a second batch
(100 kg) of P. clarkii was released into a pond located
in the lower Guadalquivir (Puebla del Rio, Seville, S
Iberian Peninsula). Subsequent human translocations,
stimulated by elevated prices for the crayfish, accel-
erated its expansion into the entire Iberian Peninsula,
then to the Azores, the Balearic and the Canary
islands. Human-assisted dispersal within the invasive
range continued, giving rise to a wide current distri-
bution that includes several European countries
(Kouba et al. 2014).

The ostracod A. sinuosa is a commensal ectosym-
biont that belongs to the family Entocytheridae, and
inhabits American crayfish (Hart and Hart 1974). It
has a native distribution similar to that of P. clarkii, a
common host of this symbiont species. Exotic popu-
lations of A. sinuosa are widely distributed around the
Iberian Peninsula, associated with P. clarkii (Mestre
et al. 2013). Entocytherids, inhabiting crustacean
hosts, mainly crayfish, have a direct life cycle and
sexual reproduction. They are characterised by low
degrees of host specificity (Mestre et al. 2014a) and
are horizontally transmitted, without the need of
contact between hosts (Young 1971). However, they
have limited off-host dispersal, as they do not swim
but move by crawling through the sediment (Mestre
et al. 2015). Exotic populations of A. sinuosa have
very high levels of prevalence (Mestre et al. 2014b),
and there is evidence of the same pattern in native
populations (Young 1971). Despite A. sinuosa popu-
lations benefiting from a certain independence from
the external environment offered by the commensal
life-style, they remain sensitive to variation in off-host
environmental conditions such as specific conduc-
tance, NH,* concentration, and alkalinity (Mestre
et al. 2014b).

In this study, we investigated patterns of genetic
diversity and structure of an invasive symbiont-host
association for the first time based on a non-parasitic
freshwater ectosymbiont with a direct life cycle. The
invasion history for this species is relatively well-
known, and our analyses included wide-ranging
samples from the native region. Mitochondrial genes
are expected to be particularly sensitive to bottleneck
events, because mtDNA is haploid with uniparental
inheritance and thus has only one quarter the effective
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population size of nuclear genes (Avise 1994),
although it can be affected by selective sweeps (Bazin
et al. 2006). A single mtDNA marker was used here
taking into account that genomic resources for ostra-
cods are very limited, COI is highly polymorphic in
both studied species and no sex-biased migration is
expected for both species. We show clear change in
genetic diversity associated with invasion, discuss the
potential evolutionary implications of these patterns,
and highlight the usefulness of this kind of model to
test important ecological and evolutionary questions.

Materials and methods
Field sampling

The target species of this study were the entocytherid
A. sinuosa and its main host, the crayfish P. clarkii.
During 2010 and 2011, crayfish were sampled from
two regions: 14 localities from Louisiana plus one
locality from Memphis, Tennessee (USA; Fig. 1a, c),
representing the native region, and 29 localities widely
distributed across the Iberian Peninsula, in the Euro-
pean exotic range (Fig. 1b, d). The sampling range of
native populations was focused on Louisiana because it
represents the core of P. clarkii’s native distribution
and is documented as the source area for initial
introductions that originated the exotic populations in
the Iberian Peninsula (Gutiérrez-Yurrita et al. 1999). A
variety of water body types were sampled in both
native and exotic ranges (See Table S1 in ESM),
representing different habitat characteristics. Up to 20
crayfish from each locality were individually subjected,
in situ, to a protocol of ectosymbiont removal by
submersion in commercial carbonated water (Mestre
et al. 2011), with crayfish subsequently preserved in
ethanol (96-100 %). The carbonated water was filtered
through 63-um mesh to isolate symbionts from each
crayfish, and the residue was preserved in 50-mL
containers filled with ethanol (96-100 %). Ento-
cytherid samples were checked in the lab for species
identification based on adult males, following Hart and
Hart (1974). Some entocytherid samples from the
native range were obtained from other crayfish species
(i.e. Procambarus zonangulus, P. vioscai and Or-
conectes palmeri; see Table S1 in ESM).
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DNA extraction, mtDNA amplification
and sequencing

The DNA of P. clarkii and A. sinuosa was extracted by
the ammonium-acetate precipitation method. Specific
primers were designed for amplification of mitochon-
drial cytochrome c oxidase subunit I (COI) in each
species with PRIMER 3 v. 0.4.0 (Untergrasser et al.
2012), based on general primers for invertebrates and
crayfish. Primers for P. clarkii were ClarkF (forward;
5'-GAGGAGTTGGAACAGGATGG-3') and ClarkR
(reverse; 5-TCAGCAGGAGGATAAGAATGC-3'),
which amplify a COI fragment of 1147 bp. Primers
for A. sinuosa were EntoF (forward; 5-TCGTGTA
GAATTGGGTCATCC-3') and EntoR (reverse;
5’-AGGATCTCCACCACCATTAGG-3'), which
amplify a 605-bp fragment. The PCR amplifications
were performed with an MJ Research PTC-225 Tetrad
Thermal Cycler. The protocol used for crayfish was a
starting denaturation at 94 °C for 3 min, followed by
35 cycles of 45 s at 94 °C, 60 °C for 45 s annealing
time, 90 s at 72 °C for extension and a final extension
stage of 10 min at 72 °C. The 10-pl volume reactions
for P. clarkii contained 1 pl of DNA (~ 10 ng),0.25U
of BIOTAQTM (Bioline) DNA polymerase, 1 x NHy
Reaction Buffer, 1.5 mM MgCl,, 0.2 mM dNTPs,
1 puM of each primer and ddH,O. The PCR conditions
for A. sinuosa were an initial denaturation step at
95 °C for 15 min followed by 34 cycles of 30 s
denaturation at 94 °C, 90 s annealing at 59 °C, and
90 s extension at 72 °C, with a final extension at 72 °C
for 10 min. In this case, the 11-pl reaction contained
6 pl Qiagen Multiplex PCR Mastermix (with HotStar
Taq), 4 pl primer master mix (21 pl Low TE plus 2 pl
of each 10 uM primer) and 1 pl of ddH,O.

The PCR products were cleaned with ExoSAP-IT®
(USB Corporation, Cleveland, OH), and 2 pl of
purified PCR product were used in each 10-pl
sequencing reaction (in both directions) with the Big
Dye® Terminator v. 3.1 cycle sequencing kit (Applied
Biosystems) and the corresponding PCR primer
(0.33 uM). Sequencing conditions were 1 min at
96 °C followed by 39 cycles of 10 s at 94 °C, 5 s at
50 °C and 4 min at 60 °C. Finally, products were
further purified with an ethanol/EDTA precipitation
method (ABI cycle sequencing kit manual) to be run
on an ABI 3730xl Genetic Analyser.
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Fig. 1 Geographical distribution of COI haplotype frequencies
of the crayfish host Procambarus clarkii and the ectosymbiotic
ostracod Ankylocythere sinuosa in their native range in
Louisiana, USA (a, c¢), and exotic range in the Iberian Peninsula,
Europe (b, d). An additional native crayfish sample (free of
entocytherids) from out of Louisiana (i.e. Memphis) was also
obtained, represented in an additional map of wider extent
(inset, top-left of a), where the location of the main native

Data analyses

Resulting chromatograms were edited in CopoNCODE
ALIGNER V. 4.0.4 and aligned through the ClustalW
algorithm in MEGA v. 6.0.6 (Tamura et al. 2013).
Sequences were checked for identity with BLASTN v.

sampling region (i.e. more detailed map) is also highlighted in a
square frame. Sampling site names are coded as in Table S1 in
ESM. Haplotypes restricted to one sampling location (i.e.
private haplotypes) are represented in white while haplotypes
shared between locations are color-coded. The size of pie charts
is proportional to sample size. The map has a Mollweide equal-
area projection

2.2.31 (Zhang et al. 2000). As expected, putative
crayfish COI fragments scored highly with other COI
sequences of P. clarkii in Genbank (e.g. 99 %
identity). So far, there have been no submissions of
COI from species of the family Entocytheridae to
Genbank. However, search results for A. sinuosa
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sequences showed high similarity with other Ostra-
coda COI sequences (e.g. 80 % identity with Macro-
scapha opaca; 79 % with Eucypris virens). We used
the invertebrate mtDNA code to translate COI frag-
ments into protein sequences with MEGA, and check
for presence of stop codons within the reading frame,
which would indicate undesired amplifications of
nuclear copies of mitochondrial sequences. Two
crayfish sequences with stop codons were removed
from the study. Preliminary visualization of pairwise
genetic distances between sequences through classical
multidimensional scaling (Fig. S1 in ESM) allowed us
to detect species misidentifications or cryptic species
evidenced by outlier sequences, which were also
removed from the study. Some sequenced ento-
cytherids were obtained from the same host individual
(Table S1 in ESM). The genetic sequences from this
study were deposited into Genbank: Accession num-
bers KX450622-KX450774 (crayfish) and
KX450478-KX450621 (entocytherids).

Genetic diversity and structure

Genetic diversity for crayfish and entocytherids in
both native and exotic regions was estimated by
standard haplotype (#) and nucleotide (/1) diversity
indices, with DNASP v. 5.10.01 (Librado and Rozas
2009). Additionally, extrapolated haplotype richness
(estimated through bias-corrected Chao2) and indi-
vidual-based rarefaction curves of haplotype richness
for native and exotic regions of both studied species
were estimated with vEGaN v. 2.2.1 (Oksanen et al.
2015). Chao2 is a non-parametric estimator of the
overall regional haplotype richness, extrapolated from
the data, based on the assumption that the number of
unsampled haplotypes is related to the number of rare
haplotypes (Gotelli and Colwell 2010). Haplotype
networks were built with pEGAs v. 0.6 (Paradis 2010).

The best nucleotide substitution model for each
species was estimated with JMoDELTEST v. 2.1 (Dar-
riba et al. 2012), based on Akaike Information
Criterion (AIC). All model variants available in the
program were considered, including invariable sites,
rate variation among sites, or both (a total of 88
models). The selected model was TN93 (Tamura and
Nei 1993) with gamma correction of the inter-site
variation in substitution rates (i.e. TN93+G). This
model assumes distinct rates for transitions and
transversions. TN934+G was selected because it is
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widely available in other software, with a simple
formula for the distance transformation, and it was
ranked within the 15 best models for each species
(AICcRr = 3212.26; AICgN = 5087.27, subscript CR
for crayfish and EN for entocytherids), with a low AIC
increase from the top model (less than 10 units). Shape
parameters (o) of the gamma distribution of among-
site variation for the TN934-G model were estimated
by JMODELTEST (x¢cr = 0.03; ogn = 0.122). Mean
pairwise individual genetic distance based on
TN93+G was obtained for native and exotic popula-
tions of both species, with ApE v. 3.1.4 (Paradis et al.
2004). Hierarchical analysis of molecular variance
(AMOVA) was performed with pEGAS to test for
patterns of genetic structure (based on TN93+G
distances) between regions (native and exotic), and
between populations within a region (i.e. sampling
localities). Significance was evaluated from 1000
permutations. A preliminary AMOVA to test for
genetic dependence of symbionts inhabiting the same
host individual showed no significant effect. Thus, this
additional level was not included in the final AMOVA
analyses.

Pairwise genetic distances between populations
were estimated with Meirmans ®gyp (®'gr), based on
the TN93+G model (R function available in Script S1
in ESM), and removing sites with a unique individual
sampled. @'gy is a standardised population distance
measure with bias correction for different effective
populations sizes and different mutation rates (Meir-
mans 2006). Patterns of isolation by distance (IBD)
between populations in native and exotic regions for
both species were tested with two approaches. First,
correlation between genetic and geographic distances
was tested with a Mantel test, implemented in ADE4 v.
1.6.2 (Dray and Dufour 2007), with significance
determined from 10, 000 permutations. Second, IBD
was also tested through ordinary least square (OLS)
regressions, based on 1000 permutations, applied with
LMODEL2 v. 1.7.2 (Legendre 2014). Geographic dis-
tances were estimated with rossiL v. 0.3.7 (Vavrek
2011). The native crayfish locality LUS15 (Fig. 1a)
was removed from the IBD analyses due to its
distance from the other localities, to avoid high
leverage. After checking all variants with and without
log transformations of genetic and geographic dis-
tances, the non-transformed variant was selected,
based on distribution and model performance criteria.
IBD differences between native and exotic ranges
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were assessed by comparing the slopes (a) of OLS
regressions and their confidence intervals (95 % CI).
Existence of spatial patterns in genetic variation
between populations in native and exotic regions was
tested through a redundancy analysis (RDA) based on
Moran’s eigenvector maps (MEMs; Galpern et al.
2014). The MEMs were obtained with sppep v. 0.5.88
(Bivand and Piras 2015). Autocorrelated MEMs were
identified through a 99-times permutation procedure
implemented by SPACEMAKER v. 0.0.5 (Dray 2013),
and removed from the analyses. A principal coordi-
nates analysis (PCoA) was performed on pairwise
genetic distances between populations (®'sy), and
positive axes of the PCoA were used as response
variables for the RDA, with MEMs as predictors.
Significant MEMs were identified via forward selec-
tion based on 1000 permutations, implemented by
PACKFOR V. 0.0.8 (Dray et al. 2013), with p values and
the adjusted R? (Ridj) of the full model used as
selection criteria.

Correlation between individual genetic distances
(TN93+G) of symbionts and their associated host
individuals was checked via Mantel test (10,000
permutations) and OLS regression for both native
and exotic regions.

Demographic analysis

Mismatch distribution and folded site frequency
spectra were used to check for signals of hypothetical
demographic events that would have altered expected
patterns under a scenario of stable populations. The
hypothesis of neutrality of mutations with constant
population sizes was tested against alternative scenar-
ios including non-neutral processes (population
growth, hitchhiking and background selection) for
native and exotic regions with Tajima’s D, Fu and Li’s
D* and F*, and Ramos-Onsins and Rozas’s R, statistic
(10,000 replicates used for simulation) estimated with
DNAsP and PEGAS.

Demographic parameters of P. clarkii and A. sinuosa
populations were estimated with FasTsiMcoaL2 (Ex-
coffier et al. 2013) from coalescent simulations based
on a simple scenario where the exotic population arose
from a bottleneck event in the invasion region. The
nucleotide substitution model implemented by this
program is k80. The scenario consisted of two popu-
lations (native and exotic) with the exotic population
appearing from a unique invasion event with migration

of some individuals (Ngyy) from the native to the exotic
range a number of generations ago (7;yy), followed by a
population growth in the exotic range until the present,
when the population sizes of native and exotic ranges
would be Nyar and Ngxo, respectively (Fig. S2 in
ESM). Search ranges of demographic parameters were
bounded by biological considerations, well-docu-
mented events (i.e. first introduction of P. clarkii into
Europe occurred in 1973), and the distribution of initial
parameter estimates from preliminary trials (for FAST-
SIMCOAL2 estimation and template files see Appendix
S1). Initial parameter estimates were obtained from the
observed joint minor allele site frequency spectra (joint-
MAF-SFS), with an R function built ad hoc (Available
in Script S2 in ESM). The criterion for parameter
selection was the composite maximum likelihood
(CML). A total of 40 runs were performed, each one
consisting of 100,000 simulations per likelihood esti-
mation and 1040 conditional maximization algorithm
(ECM) cycles (stopping criterion of 0.001). Subse-
quently, support limits of initial CML estimates were
obtained through parametric bootstrap. To do this, 100
joint-MAF-SFS were simulated under the evolutionary
scenario established in our model and based on the
initial CML estimates. A general mutation rate for
invertebrates of 2 % divergence per million years was
applied. Transition rates were obtained from the
optimal parameters estimated by JMopELTEST for the
k80 model (i.e. 0.9723 for P. clarkii and 0.9608 for A.
sinuosa). Next, 100 parametric bootstrap estimates
were obtained by parameter estimation from the
simulated data sets (one run per data set); their
distribution defined the support limits.

Results

The final lengths of the COI fragments analysed from
P. clarkii and A. sinuosa were 810 and 522 bp,
respectively. The total numbers of sequences used
were 153 for P. clarkii: 73 native (median and
interquartile range per locality 4, 3-5), and 80 exotic
(3, 2-4); and 144 for A. sinuosa: 78 native (2, 0.5-5)
and 66 exotic (3, 1-3) (Fig. 1; Table S1 in ESM). Both
native and exotic populations of A. sinuosa showed
very high levels of prevalence (Table S1in ESM). The
median numbers of adult symbionts per crayfish were:
6.5 [0-19] for native populations and 8 [1-24] for
exotic populations.
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Northern locality of the native range (LUS14). Some ﬁ S 28888y %D'E - 8
Y & . Z 2 ScS e e lan g5 50
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PC10 and PC11) were found in exotic populations that Sa|flz385 |8 z 2 58 <
were distant from one another. =8 ) SEEZx &
Almost all native haplotypes of the symbiont o) |55 %3 'é s 'qz i &
(Figs. Ic, d, 3b) were private (Fig. 1c¢), with only a E g O % - g g : ;30
few haplotypes from S Louisiana (i.e. AS02, AS06, 2% Eforo o - 2 % § =i %
ASO07 and AS09) found also in the exotic region and a R Z2le=zzx EEE- 2z
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ities in N Louisiana. In contrast, exotic populations of 0 S I E& 82 qg E )
the symbiont (Fig. 1d) had a higher number of non- 8 MEIEREEEE § é 585 é g
private haplotypes, although the proportion of private S % [ I Tg‘_;‘.-_g S &
haplotypes was still high, compared to the host. The > E = I = £E2 L8
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4B Native host
-+ Exotic host
4B Native symbiont
=

Exotic symbiont

Expected haplotype richness

Individuals sampled

Fig. 2 Individual-based rarefaction curves of haplotype rich-
ness for the crayfish host Procambarus clarkii and its ostracod
ectosymbiont Ankylocythere sinuosa in the native (Louisiana,
USA) and exotic (Iberian Peninsula, Europe) regions. The
confidence intervals are drawn as coloured areas around the
predicted lines

Nucleotide-based diversity and structure

Nucleotide diversity indices (/1 and JitngzG; Table 1)
were lower in the host than in the symbiont, and in host
native populations than in exotic ones. Native and exotic
populations of the symbiont had similar nucleotide
diversities. Results of AMOVA indicated that there was
no significant genetic differentiation between regions
for either species (Table S2 in ESM). Native populations
of both species showed significant genetic structure
(®st = 0.25; dfn/dfd = 12/60; p = 0.002 for the host;
DOgr = 0.40; dfn/dfd = 10/67; p < 0.001 for the sym-
biont), whereas there was no signal of genetic structur-
ing in the exotic region (gt = 0.27; dfn/dfd = 28/51;
p = 0.096 for the host; Ogt = 0; dfn/dfd = 22/43;
p = 0.830 for the symbiont).

The IBD analyses (Fig. 4), based on ®'g popula-
tion distances (Fig. S3 in ESM), revealed a significant
pattern in the native range for both species (R* = 0.12,
DPmanter = 0.009 for the host; R? = 0.60, Dmantel =
0.001 for the symbiont), with a positive slope that was
higher in the symbiont (¢ = 0.0011, 95 % CI
0.0003-0.0018 for the host; a = 0.0028, 95 % CI
0.0020-0.0036 for the symbiont). No evidence of IBD
pattern was found in the exotic range for either species

(R? < 0.01, Panter = 0.78 for the host; R? < 0.01,
Pmanter = 0.44 for the symbiont).

Selected MEMs in RDA analysis (Fig. 5) showed
the existence of regional-scale patterns of genetic
similarity between populations in native range for both
species (Fig. 5a, b, e, f). In particular, MEM1 showed
a pattern that distinguished between N and S popula-
tions (Fig. 5b, e), a trend that was especially strong in
the symbiont (Rﬁdj = 0.63; Fig. 5e). Local-scale pat-
terns showing genetic admixture between populations
were detected in exotic range for the host, with low
adjusted R (Fig. 5c, d), and no significant patterns
were observed for exotic populations of the symbiont.

Genetic distances among symbiont individuals and
among their associated host individuals were not
correlated in the native range (R2 < 0.01,
Pmanter = 0.40). In contrast, they showed a significant
positive correlation in the exotic region, although with
a very low R? (R? = 0.05, puanes < 0.001, a = 0.61,
95 % CI 0.48-0.75).

Demographic analyses

Folded site frequency spectra (SFS) and mismatch
distributions (MMD, Fig. 6) showed an unexpected
bimodal shape in the exotic host (Fig. 6b). In addition,
both native and exotic symbiont populations (Fig. 6c,
d), showed the following anomalies compared to a
neutral scenario: (1) SFS with an excess of rare alleles
at low frequencies (i.e. freq. 1-2); (2) MMD with a
scarcity of shorter pairwise genetic distances produc-
ing a belly shaped distribution. Almost all neutrality
tests applied to the symbiont (with the exception of
D for exotic populations) indicated a departure from
neutrality towards an excess of rare alleles (Table 1).
All tests for the host were non-significant. In addition,
by comparing Tajima’s related test statistics (D, D*
and F*) between native and exotic populations, the
same trend towards higher values (less negative) in the
exotic region was observed in both species.

In general, CML estimates of the simulated demo-
graphic scenario of the invasion process had wide
support limits (Table S3 in ESM), especially for the
case of Ngyo. In spite of this, two patterns appear by
comparing the species: i) a similar CML estimate for
Tinv = 80; and ii) generally higher effective popula-
tion size estimations for the symbiont. Particularly,
Nyar Was 5.5 times higher in the symbiont, and the
distribution of the bootstrap estimates of Ny for the
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@ Exotic
O Native

@

Fig. 3 Haplotype networks of native (Louisiana, USA) and
exotic (Iberian Peninsula, Europe) populations of the crayfish
host Procambarus clarkii (a), and its ectosymbiotic ostracod,
Ankylocythere sinuosa (b), based on a COI mitochondrial DNA
fragment (seq. lengths of 810 bp for P. clarkii and 522 bp for A.
sinuosa). Circle sizes are proportional to the number of
individuals sampled with this haplotype (indicated by the circle

host was strongly biased towards very low values,
whilst the plausible range of Ngyy for the symbiont
spread more towards higher values (Fig. 7).

Discussion

This work is based on a symbiont with direct life-cycle
involving exclusive use of one kind of host. Conse-
quently, there is a stronger link between the symbiont
and its host at both demographic and dispersive levels
compared to symbionts with indirect cycles. Introduc-
tion of P. clarkii in Europe showed a stepping-stone
pattern with two consecutive propagule events into
SW Iberian Peninsula from New Orleans (Louisiana)
in 1973-1974, followed by a human-mediated expan-
sion across Europe by translocation events (Gutié€rrez-
Yurrita et al. 1999). The wide distribution of A.
sinuosa among European P. clarkii populations of the
Iberian Peninsula, the absence of the symbiont in other
European crayfish (native or exotic; Mestre et al.
2013) and the common association of this symbiont
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legends). The codes of non-private haplotypes are provided by
labels (haplotype codes coincide with those used in Fig. 1). The
classification of native entocytherid region into two subregions
(N and S Louisiana) was based on the first Moran’s eigenvector
map (MEM) selected for the native entocytherid in the spatial
analysis using MEMs (Fig. 5e)

species with P. clarkii in the native range (Hart and
Hart 1974) strongly suggest that A. sinuosa and P.
clarkii shared the same invasion history. We make this
assumption in trying to understand how observed
genetic patterns were built during this invasion
process.

Genetic diversity patterns

Genetic diversity of both symbiont and host was
generally high (Goodall-Copestake et al. 2012). Pre-
vious studies of genetic diversity and structure of
exotic populations of P. clarkii in Europe (Barbaresi
et al. 2007) and China (Li et al. 2012) show similar
values of genetic diversity to the exotic P. clarkii
populations used in this study. They also highlight the
high diversity observed in exotic P. clarkii, based on
other genetic markers, but both studies had insufficient
sample from native populations for a proper compar-
ison of genetic patterns. Bottleneck effects were
detected in Chinese populations of P. clarkii based
on microsatellite loci (Yue et al. 2010). The main
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genetic diversity patterns shown by our symbiont-host
system are: (1) a higher genetic diversity of the
symbiont than its host; (2) genetic diversity loss in the
exotic range for both species; but (3) a less pronounced
loss in the symbiont. Changes in genetic diversity can
be driven by demographic (e.g. founder effects or
population expansion) or selective (genetic draft)
events (Jensen et al. 2005). Regarding the demo-
graphic hypothesis to explain the observed patterns,
effective population size of symbionts with a direct
cycle is expected to have a simple relationship with the
census number of adult symbionts on their hosts
(Criscione et al. 2005). Exotic populations of A.
sinuosa have a mean prevalence of 91.15 %
(N = 373; Mestre et al. 2014b). The present survey
shows that native populations show similarly high
prevalence values (Table S1 in ESM). Moreover, the
median number of A. sinuosa adults per host was
similar for both ranges (6.5 for native and 8 for exotic).

Geographic distance (km)

These values agree with effective populations sizes
estimated for native populations (Nya7) from the
coalescent simulations that were 5.5 times higher in
the symbiont. So, the higher effective population size
of native populations would explain the higher overall
genetic diversity of the symbiont. An alternative
hypothesis to explain this pattern is that A. sinuosa has
higher mutation rates than P. clarkii due to shorter
generation times. However, the short generation time
of four and half months estimated for P. clarkii (Huner
and Barr 1991), the long survival period of at least two
and half months observed in A. sinuosa out of the host
(Baker 1969), and the similar univoltine cycles
observed in both species (Castillo-Escriva et al.
2013) indicate that they do not have large differences
in generation time.

Genetic diversity loss in the exotic range for both
species is explained by their shared invasion history
that evidences existence of a bottleneck after the
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Fig. 5 Spatial patterns in
genetic dissimilarity
between populations (in
both native and exotic
regions), detected for the
crayfish host Procambarus
clarkii (a, b, native region;
¢, d, exotic region), and for
the ostracod ectosymbiont
Ankylocythere sinuosa (e, f,
native region). The
significant Moran’s
Eigenvector Maps (MEMs),
represented here, explaining
the variability of Meirmans
Dgr pairwise genetic
distances for each species
and region, were identified
through a redundancy
analysis and a forward
selection procedure. Circles
of similar size and same
colour indicate populations
with similar scores (large
black and white circles
describe opposite extremes
on the MEM axes). No
significant MEMs were
selected for A. sinuosa in the
exotic region

introduction, as the initial crayfish stock was com-
prised of 200 kg from native populations of S
Louisiana (New Orleans; Gutiérrez-Yurrita et al.
1999). So, based on historical data, the maximum
value of Ny, for the host was no more than 10,000
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individuals (mean weight of a P. clarkii adult in
Europe is 20 g; Mestre et al. 2014b), that was likely
reduced due to mortality rates during transport and
initial acclimatisation. The simulation results suggest
a much lower Ngyy for the host of less than 500
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individuals (Fig. 7a). However, use of a single
genetic marker in coalescent simulation results in
considerable uncertainty around these parameter
estimates. In spite of this, distributions of the
bootstrap estimates for Npyy also suggest that the
symbiont had an effective population size higher than
the host at the initial stage of the invasion (Fig. 7), in
agreement with the high values of the population
parameters (prevalences and abundances) observed

for the symbiont. Thus, the less severe drop in
genetic diversity of the exotic symbiont than its host
could result from: (1) the higher genetic diversity of
source populations of the symbiont and (2) its higher
Nryn- This hypothesis, supported by three different
data sources, i.e. historical, demographic and genetic,
emphasises the importance of propagule size in
determining the strength of founder effects in an
invasion process.
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An alternative hypothesis that could explain the
observed diversity patterns is genetic draft, common in
organisms with large population sizes and high
reproduction rates (Mulligan et al. 2006), like in our
model species. According to this hypothesis, selective
sweeps in the new exotic environment could have
produced the severe drop in genetic diversity of the
exotic host. However, this would predict a higher or, at
least, similar drop in diversity for the exotic symbiont,
that was also exposed to a new environment, and has
higher population sizes than its host. A possible reason
why this was not observed is that the species are
affected by different selective pressures: differences in
these pressures between native and exotic ranges are
higher in the host, because the environment of the
symbiont, i.e. the host body, remains more constant.
However, new potential sources of selection on the
host in the exotic range can also affect the symbiont, as
discussed below.

Overall, the neutrality tests reflect a general trend of
singleton losses in the exotic range for both species
(i.e. higher values of Tajima’s related statistics), as a
consequence of founder effects. The bimodal shape of
the SFS and MMD for the exotic host makes sense in
the scenario of stronger founder effects suffered by the
host, as multimodal shapes (including bimodal) can be
indicative of historical population contractions (Bur-
brink et al. 2008). Apparent signals of population
expansion observed in the symbiont by the SFS, MMD
(i.e. belly shaped) and neutrality tests may be an effect
of the considerably high genetic variability observed
in the symbiont. Particularly for these tests, strong
conservation of some sites (mainly second codon
positions) causes more departure from the infinite sites
mutation model as the overall diversity gets greater.

Patterns of genetic structure

In spite of the limited sampling sizes per site of this
survey, consistent patterns at population level were
observed that are congruent with the biological traits
and biogeographic history of the study organisms.
Native populations of both partners were genetically
structured, showing IBD and regional spatial patterns.
The long evolutionary history of the symbiont-host
system in the native region along with dispersal
limitations of the host, most probably promoted these
patterns. Freshwater ecosystems are often spatially
fragmented and crayfish, unlike other freshwater
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crustaceans, do not use natural vectors like birds or
mammals for increasing their dispersal. Particularly,
the natural dispersal range of P. clarkii is up to 2.5 km
(Siesa et al. 2011), but they are strongly affected by
hydrologic connectivity (Paulson and Martin 2014).
Furthermore, the observed spatial patterns for the
native symbiont were more marked than for the native
host (i.e. higher @t of AMOVA, higher slope of IBD
and higher Rﬁdj of the main MEM). These results agree
with the limited off-host dispersal of the symbiont
(Mestre et al. 2015). The general loss of genetic
structure in exotic populations of both species is
congruent with the documented invasion history,
where human-mediated translocations promoted
admixture of European populations, with minimal
time for subsequent population differentiation. Pres-
ence of local patterns in the host (Fig. 5¢c, d), close to a
panmixia model (Galpern et al. 2014), strengthens this
idea. Other genetic studies of exotic P. clarkii in
Europe and China corroborate the role of human-
mediated translocations as mechanisms that eliminate
dispersal barriers and preclude appearance of IBD
patterns (Barbaresi et al. 2007; Yue et al. 2010; Li et al.
2012). In contrast, these studies show some evidence
of among-population structure in exotic P. clarkii,
although they included samples from native popula-
tions in the analysis (Barbaresi et al. 2007), or were
based on a different invasion process with an older
invasion history, i.e. China (Yue et al. 2010; Li et al.
2012), where P. clarkii was introduced in 1929.

Evolutionary implications and future perspectives

We have presented the case of a symbiont invader that
has overcome founder effects apparently better than its
host co-invader, due to a high diversity in source
populations and a high propagule size. In an invasion
context, the symbiont is therefore provided with a high
adaptive potential in the new environment. However,
what role do novel selective pressures from the exotic
host or off-host environment play in our symbiont
model? The host environment is susceptible to change
by two mechanisms. First, the host invader can be
subjected to rapid evolution or phenotypic variation
(Huey et al. 2000). Second, the symbiont can colonise
novel hosts through a spill-over process (Roy and
Handley 2012). Our symbiont model, A. sinuosa, is
especially prone to the second phenomenon as it has a
wide host specificity (i.e. generalist symbiont) and
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native European crayfish represent an empty niche for
entocytherids (Mestre et al. 2013). Mestre et al. (2015)
successfully tested the experimental spill-over of A.
sinuosa onto a native European crayfish. Moreover,
Europe is also rich in other exotic crayfish species (at
least 10) that could also be colonised by the symbiont
(Kouba et al. 2014). Selection of a generalist symbiont
to colonise different host species has been docu-
mented, and may be an important diversifying mech-
anism in symbionts through sympatric speciation
(McCoy et al. 2001). Our symbiont model is also
particularly sensitive to the off-host environment, due
to its ectosymbiotic, non-parasitic life-style (i.e.
dependence on external food sources), and the envi-
ronmental variability inherent in freshwater habitats
(Mestre et al. 2014b). Thus, variation in off-host
environmental variables (physico-chemical or cli-
matic) as a result of the range expansion of the host
co-invader can promote new selective pressures on the
symbiont. The adaptive potential, limited dispersal
and off-host environmental sensitivity evidenced in
this symbiont invader could favour future allopatric
differentiation as a result of adaptive processes to local
environmental conditions in Europe, if human-medi-
ated translocations are not enough to maintain suffi-
cient gene flow to preclude the processes.
Considering that invasive species and symbiont-
host systems have served, separately, as very powerful
models in ecology and evolutionary biology, the
combination of both approaches with models of
symbiont-host co-invaders, comparing patterns of
population genetics between native and exotic popu-
lations of both associated species, has great potential.
Insights into important topics from different fields
such as evolutionary, conservation and invasion
biology can be obtained with this little-explored
approach. Understanding the factors related to genetic
responses to founder effects, drivers of genetic diver-
sity (demographic vs. evolutionary), the actual role of
genetic diversity in evolutionary change, or differ-
ences in sympatric vs. allopatric speciation processes
are some examples. The rich variety of symbiont life
styles offers a great opportunity to test effects of
different life-history traits (e.g. generation time,
reproductive mode or dispersal capacity) on genetic
responses to an invasion process. However, a very
limited range of symbiont-host models has been
studied hitherto, most involving parasites with com-
plex life cycles. We encourage the use of a wider

spectrum of symbiont-host systems. Particularly, we
have shown the usefulness of a very simple model, not
used previously, of a non-parasitic freshwater
ectosymbiont with direct life-cycle inhabiting a host
with a known invasion history. We emphasize the
utility of this kind of model to better interpret patterns,
test hypotheses and understand more complex
systems.
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