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Abstract
Global trade increases plant introductions, but joint introduction of associated microbes is overlooked. We analyzed the
ectomycorrhizal fungi of a Caribbean beach tree, seagrape (Coccoloba uvifera, Polygonacaeae), introduced pantropically to
stabilize coastal soils and produce edible fruits. Seagrape displays a limited symbiont diversity in the Caribbean. In five
regions of introduction (Brazil, Japan, Malaysia, Réunion and Senegal), molecular barcoding showed that seagrape mostly or
exclusively associates with Scleroderma species (Basidiomycota) that were hitherto only known from Caribbean seagrape
stands. An unknown Scleroderma species dominates in Brazil, Japan and Malaysia, while Scleroderma bermudense
exclusively occurs in Réunion and Senegal. Population genetics analysis of S. bermudense did not detect any demographic
bottleneck associated with a possible founder effect, but fungal populations from regions where seagrape is introduced are
little differentiated from the Caribbean ones, separated by thousands of kilometers, consistently with relatively recent
introduction. Moreover, dry seagrape fruits carry Scleroderma spores, probably because, when drying on beach sand, they
aggregate spores from the spore bank accumulated by semi-hypogeous Scleroderma sporocarps. Aggregated spores
inoculate seedlings, and their abundance may limit the founder effect after seagrape introduction. This rare pseudo-vertical
transmission of mycorrhizal fungi likely contributed to efficient and repeated seagrape/Scleroderma co-introductions.

Introduction

Global trade increases plant introductions, and thereby the
emergence of invasive exotic plant species [1, 2], some of
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which drastically modify ecosystem dynamics and services
[3, 4]. Beyond introduction of plants, microbes hitchhike on
plant movements [5–7]. Such co-introductions also modify
ecosystems, because parasites can spread [5, 8], and
because mutualist microbes reinforce invasive abilities of
their host [9, 10]. Better understanding of how microbes
accompany plant introductions is thus required. However,
microbial co-introductions have been documented in a
limited number of model plants, mostly invasive or planted
on a large scale, and mostly from temperate regions [7, 11].
Conversely, we lack microbial data on non-invasive intro-
ductions, especially in the tropics.

Mycorrhizal fungi are vital for plant nutrition and sur-
vival [12]. Some mycorrhizal fungi were deliberately
introduced for management purposes [11, 13, 14], but also
have spread unintentionally [15]. Introduction of mycor-
rhizal fungi can entail unwanted effects, such as emergence
of toxic species in new places [16], enhancement of host
invasiveness [17, 18] and modification of fungal commu-
nities [19, 20]. Three scenarios are documented for
mycorrhizal fungi of introduced plants [9, 21]: co-
introduction (and sometimes co-invasion), cosmopolitan
mutualisms and new mutualisms. The ‘co-introduction’ of
fungal symbionts from the host native range is especially
required when the host needs fungi absent from sites of
introduction, as documented for ectomycorrhizal (ECM)
trees in regions devoid of ECM fungi, for example, Pinus
out of the Northern Hemisphere [17, 18], or Alnus and Salix
in New Zealand [22]. Whenever similar fungi exist in both
native and introduction ranges, they allow ‘cosmopolitan
mutualisms’, that is, association with symbionts existing
over both ranges, as commonly observed for plants
mycorrhizal with Glomeromycota [23]. Finally, introduced
plants can also form ‘new mutualisms’ with members of
local fungal communities, as documented for Eucalyptus in
the Seychelles [24] and in Zambia [25], or Pinus in Iran

[26]. A combination of co-introductions and new mutual-
isms has often been observed, for example, for Pseudotsuga
menziesii in New Zealand [27] and France [14], Pinus
species in Argentina [17], and Eucalyptus species in Iberia
[28] and Africa [25, 29]. Although non-specificity dom-
inates in mycorrhizal associations [12], some preference
may thus exist for fungi from the native range. However,
when considering specific vs. generalist mycorrhizal fungi
(i.e., narrow vs. broad host range), both types display a
similar predisposition to introduction [15]. This has never
been addressed with regard to specific plant: what happens
after introduction of plants displaying mycorrhizal specifi-
city in their regions of origin (ROs)? We postulate that such
specificity drives co-introduction, with limited or no new
mutualisms.

We document here a case study of an introduced, non-
invasive plant displaying mycorrhizal specificity, namely
seagrape (Coccoloba uvifera), a Caribbean Polygonacaeae
introduced pantropically. The neotropical genus Coccoloba
displays low ECM fungal diversity [30, 31], likely due to the
recent emergence of the ECM symbiosis in this genus [32].
Seagrape is a tree natively growing on Caribbean sandy
seashores [33], where associates with few ECM fungal taxa
(from 1 to 25 species, from 1 to 6 families, depending on
populations; [30, 32]). These specific associations enhance
growth and salt tolerance [34] and are probably selected by
soil drought and salinity [32]. Seagrape generated interest
because it stabilizes sandy or salty soils, and because it
produces fruits with a fleshy edible pericarp. Seagrape has
been planted pantropically from dry, single-seeded fruits,
although details on times and origins of introductions are
lacking [35]. Seagrape offers replicates of non-invasive
introductions to test for the co-introduction potential in
species with specific mycorrhizal partners.

In this study, we sampled five globally distributed
regions of introduction (RIs), and revealed by fungal

Fig. 1 Ectomycorrhizal
communities in one region of
origin of seagrape (Guadeloupe,
after Séne et al. [30]) and sites
from five regions of
introduction, in percent of
barcoded ectomycorrhizae. For
each site, the numbers in
brackets indicate the sampling
effort, respectively, the number
of soil cores and total number of
ectomycorrhizae investigated.
The diverse OTUs found in
Guadeloupe are detailed in
Table S2; Thelephora sp. #1
occurs in both Guadeloupe and
Brazil
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barcoding that seagrape in RIs nearly exclusively
associates with two Scleroderma species (Basidiomycota;
[36]). We then explored the geographic origin of one
Scleroderma species by investigating its genetic diversity in
RIs vs. Caribbean ROs of seagrape. Assuming co-
introduction, we expected a founder effect in RIs and
incongruences between patterns of genetic isolation by
distance at the global level vs. within ROs. Further inves-
tigating mechanisms for co-introduction, we tested the
possibility that fruits transmit Scleroderma spores to explain
the worldwide association of Scleroderma spp. and
seagrape.

Materials and methods

Fungal barcoding

Seagrape ECM fungi were identified from five RIs, where
native ECM fungi either exist on other hosts (Senegal,
Japan and Malaysia) or not (Brazil and Réunion; Table S1).
In each region, we investigated one to four sites (Table S1;
Fig. 1). We sampled 9–14 soil cores (15-cm diameter and
20-cm depth) per site under adult seagrapes. For each core,
8–45 ectomycorrhizae were randomly excised and barcoded
using internal transcribed spacer (ITS) of the nuclear ribo-
somal DNA as in Séne et al. [32]. Operational taxonomic
units (OTUs) were defined for sequences sharing at least
97% pairwise similarity, and representative sequences were
deposited in GenBank (Table S2). Scleroderma ITS
sequences were used to build a phylogenetic hypothesis for
this genus (see Fig. S1 for details).

Mycorrhizal baiting experiments under adult trees
in RI

Sterile seedlings of seagrapes and Eucalyptus camaldulensis
(an ECM Myrtaceae introduced in Senegal that coexists

with seagrape; [29]) were pre-grown in the greenhouse at
Laboratoire Commun de Microbiologie (LCM, Dakar,
Senegal), away from any S. bermudense spore source.
Seeds were surface sterilized: for seagrape, remnants of
pericarp were trimmed before fruit incubation for 90 min in
H2SO4 (95%) due to the woody endocarp, while E.
camaldulensis seeds were incubated for 90 min in sodium
hypochlorite (9% v/v). Seeds were sown in individual pots
filled with beach soil sterilized by heating at 200 °C for 2 h.
Soil was protected from ambient air by aluminum sheets
and watered daily with sterile water. After 1 month, a subset
of 10% of seedlings was checked for the absence of ecto-
mycorrhizae and the remaining seedlings were transplanted
for two experiments. For a first in situ experiment, three
adult seagrapes and three adult E. camaldulensis growing
on sandy soil at Mbour (Senegal; see Table S1) each
received five seagrape seedlings and five E. camaldulensis
seedlings. For a second ex situ experiment, soils were
sampled under three adult trees of each species from three
sites in Senegal (Mbour, Gandiol and Dakar; Table S1).
Soils from same tree species and site were pooled, resulting
in six soil pools (Table S3) at the LCM greenhouse. Sterile
seedlings of seagrape or E. camaldulensis were transplanted
in individual pots filled with the non-sterile soil pools
(n= 5 seedlings per species and soil pool).

In each experiment, 6 months after transplant, five
ectomycorrhizae were randomly sampled from five different
seedlings per treatment (in total, 25 samples for each of the
six treatments and two species in each experiment). Fungi
were identified in three steps: first, ectomycorrhizae were
sorted by morphotype; second, homogeneity of ITS
sequence in each morphotype was ensured by restriction
fragment length polymorphism using the enzymes MspI and
HaeIII as in Richard et al. [37]; finally, up to 10 repre-
sentatives per morphotype were barcoded as above to
ensure homogeneity for ITS (except for morphotypes found
<3 times, classified as ‘others’).

Table 1 Communities found in in situ baiting experiments on 7-month-old seedlings of Eucalyptus camaldulensis and Coccoloba uvifera grown
under conspecific or other species’ adults at Mbour (Senegal; n= 3 adult trees per species, each with n= 5 seedling replicates)

Seedlings: adult canopy Eucalyptus camaldulensis Coccoloba uvifera

Under E. camaldulensis Scleroderma bovista (KJ690088), 69.5%
(n= 13)

Scleroderma bermudense, 100%
(n= 15)

Pyronemataceae sp. #1 (KJ209696), 22.5%
(n= 4)

Pezizaceae sp. #2 (KJ690092), 2% (n= 4)

Three other morphotypesa, 6% (n= 4)

Under C. uvifera Non-ectomycorrhizal, 100% (n= 15) Scleroderma bermudense, 100%
(n= 15)

For each ECM morphotype, we report the identity, GenBank accession number of representative ITS sequence, percentage of ECM roots
colonized, and (in brackets) the number of host seedlings, out of 15 in all
aMorphotypes each found <3 times were not barcoded
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Scleroderma bermudense population genetics

We investigated S. bermudense populations under seagrape
in three RIs (French Guiana, Senegal and Réunion) and
three ROs (Guadeloupe, Martinique and Puerto Rico),
sampling 1–5 sites per region (Table 1 and S1). We re-used
S. bermudense ectomycorrhizae obtained in Guadeloupe by
Séne et al. [32], and sampled ectomycorrhizae and/or
sporophores from other regions (Table S1). Sporophores
were sampled in the French Guiana site, an introduced
seagrape plantation (Howard 1961; our personal observa-
tions) with roots exclusively colonized by S. bermudense
[30]. For ectomycorrhizae, we randomly selected one
sample per core to avoid repetitive sampling of the same
genet. DNA was extracted as above and submitted to
microsatellite analysis using six polymorphic loci designed
for this study (see Table S4 for methods). Allelic richness,
FST values and Mantel test for isolation by distance were
investigated using Genepop 4.4 [38]. To test for recent
bottlenecks in each population, the M-ratio (ratio of the
number of microsatellite alleles to the range of allele size
due to repetition polymorphism) was calculated as in Garza
and Williamson [39]. Genetic structure among populations
was analyzed using STRUCTURE 2.2 [40] without prior
knowledge of sample origin, with number of potential
clusters from K= 1 to 18 (5 independent runs of
100,000 simulations after a burn-in of 10,000 simulations);
we tested four possible a priori parameter combinations
(ancestry model with or without admixture; allelic fre-
quencies correlated or independent). STRUCTURE 2.2 was
used with similar simulation parameters for assignment
tests, which were conducted on samples from RI (Senegal,
Reunion, French Guiana) with option Usepopinfo, where
prior geographic information was given for RO samples
used as learning samples. In order to estimate the proportion
of genetic variance explained by geographic regions, or by
RO and RI, analyses of molecular variance (AMOVA) were
run in Arlequin 3.5 ([41]; standard AMOVA, 1000
repetitions).

Microscopic observation of seagrape fruits

Dry seagrape fruits were collected under trees in
Guadeloupe (Bois-Jolan, Cluny and Viard) and Martinique
(Diamant and Carbet; Table S1) in August 2013 and
isolated from each other in sterile bags (n= 10 fruits per
site; Table S1). The presence of S. bermudense spores was
checked on fruit trimmings by light microscopy, and one
densely colonized fruit per site was submitted to scanning
electron microscopy (SEM). Pericarp trimmings were fixed
for 2 h at 4 °C in 2% glutaraldehyde solution in cacodylate
buffer (900 mM, pH 7.2), then dehydrated in graded
concentrations of acetone, critical point-dried in CO2, and

finally sputter-coated with gold (using a sputter coater;
Bio-Rad Microscience Division). Observations were made
with a Quanta 250 SEM (trademark FEI), fitted with a
tungsten filament, running at 10 kV in High Vac mode (6.10
−4 Pa). Secondary electron images were acquired with an
Everhart-Thornley detector. To confirm the presence of
S. bermudense, trimmings from the fruits were barcoded as
above with the basidiomycete-specific primers ITS4B-
ITS1F (as in Séne et al. [32]).

Axenic germination of seagrape

The potential of seagrape fruits to inoculate S. bermudense
onto seedlings was investigated on fruits sampled in August
2013 from the three Guadeloupe beach sites above. Soil
from each site was collected and sterilized as above. Fruits,
either non-sterile or sterilized as above, were sown in 1 kg
of their respective sterilized soils in the LCM greenhouse in
September 2013. To ensure ECM abilities of seedlings after
fruit surface sterilization, we supplemented additional ster-
ilized fruits with either unsterile trimmings from three other
fruits each or 0.5 g of dried S. bermudense spores for Bois-
Jolan only (trimmings and spores from the same origin as
fruits). For each origin, 10 replicate sowings were done for
each of the four treatments (control= non-sterilized; ster-
ilized; sterilized with trimmings; sterilized with spores),
protected from air by aluminum sheets. After 6 months, we
evaluated the percentage of root tips with ectomycorrhizae.
Five ectomycorrhizae from five seedlings per treatment
were analyzed as for the baiting experiments above.

Results

Scleroderma spp. dominate inRIs of seagrape

Fungal ECM communities were investigated in five RIs
(Brazil, Japan, Malaysia, Réunion and Senegal), from
105 soil cores and 1688 ectomycorrhizae in all. They were
dominated by two Scleroderma OTUs (Fig. 1). Three other
OTUs were found, namely one Entolomataceae and two
Thelephoraceae, one of which was known from RO (The-
lephora sp. #1; [32]). Non-Scleroderma ectomycorrhizae
occurred in one core per RI only, except Thelephora sp. #1
(4 cores in Malaysia). In Senegal and Réunion, S. bermu-
dense was the exclusive partner, with a monomorphic ITS
sequence (KJ209670). In Brazil, Japan and Malaysia,
Scleroderma sp. #1 dominated with two closely related ITS
sequences differing by an indel (KX573919-20) and
diverging from S. bermudense by 8.1% and 9.6%, respec-
tively. Scleroderma sp. #1 is referred as ‘SH192839.06FU’
in the UNITE database [42] and is already known from RO
Caribbean sites [30]. In an ITS phylogeny of the genus
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Scleroderma, Scleroderma sp. #1 clusters with S. bermu-
dense and an unknown Caribbean Scleroderma species with
0.97 bootstrap support (Fig. S1).

Introduced seagrape seedlings preferentially
associate with S. bermudense

To test whether the low ECM diversity on seagrape in RIs
was due to a restricted access to local ECM fungi, seedlings
of seagrape and Eucalyptus camaldulensis were grown in
Senegal under adult trees of each species. Under E.
camaldulensis adults, conspecific seedlings were colonized
by several ECM fungi including Scleroderma bovista, but
no S. bermudense, whereas seagrape seedlings were
exclusively colonized by S. bermudense (Table 1). Con-
versely, under seagrape adults, E. camaldulensis seedlings
were not mycorrhizal, whereas seagrape seedlings were
exclusively colonized by S. bermudense (Table 1). Similar
baiting results were observed in the greenhouse, using soils
from three Senegal sites (Table S3). Thus, the fungal
community of E. camaldulensis offered no symbiont
suitable for seagrape seedlings, whereas seagrape and
S. bermudense showed a reciprocal preference in all soils.

Evidence for co-introduction of S. bermudense with
seagrape

To elucidate whether S. bermudense is indigenous in RIs or
introduced from ROs, we genotyped 410 samples from three
RIs (French Guiana, Senegal and Réunion) and three ROs
(Guadeloupe, Martinique and Puerto Rico; Table 2 and S4).
Allelic richness did not differ among regions, whereas private

alleles occurred only in Puerto Rico (Table 2), even after
rarefaction analysis (data not shown). Puerto Rico may thus
be closer to the center of genetic diversity of S. bermudense.
Nei’s diversities, which account for sampling effort, tended to
be slightly higher in ROs than in RIs (Table 2), but values
overlapped. M-ratios (which are expected to decline after a
bottleneck; Table 2) were all below the 0.68 threshold pro-
posed by Garza and Williamson [39] for stable populations,
and RIs tended to have slightly lower M-ratios. This result,
along with other tests for population size reduction
(Table S6), suggested that founder effects in RIs were similar
or only slightly more pronounced, as compared with ROs.

Mantel tests revealed significant isolation by distance in
ROs (i.e., in the Caribbean; P= 0.007; R2= 0.304), but
strikingly not at the global scale (P= 0.996; Table S5;
Fig. 2a). Compared with extrapolation of the trend observed
among RO populations (dotted line on Fig. 2a), populations
from RIs were poorly genetically differentiated from the RO
ones, and between them (see, e.g., Senegal and Réunion).
Accordingly, AMOVAs showed that the variance is
explained by regions, sites and within-sites diversity, but
not by RI vs. RO (Table 3). Cluster analysis with
STRUCTURE revealed, whatever the prerequisites of the
ancestry model and allelic frequencies, two genetic clusters
as the most likely scenario (Fig. 2b): one cluster encom-
passed Guadeloupe, Martinique, French Guiana and Sene-
gal, and the second Réunion and Puerto Rico (Fig. 2b).
Finally, in assignment tests of individuals from RIs to the
RO metapopulation (Guadeloupe, Martinique and Puerto
Rico), 97.1% of RI individuals were assigned to RO with a
>0.95 probability. Thus, RIs and ROs populations showed
genetic similarities not explained by geography.

Table 2 Genetic diversity of S. bermudense populations in Caribbean regions of origin of seagrape (Caribbean: Guadeloupe, Martinique and
Puerto Rico) and in regions of introduction of seagrape (French Guiana, Senegal and Réunion), based on six microsatellite loci (described in
Table S4)

Regions Of origin of seagrape (ROs) Of introduction of seagrape (RIs)

Guadeloupe Martinique Puerto
Rico

Fr. Guiana Senegal Réunion

Nb. of sites (no. of
samples) a

5 (74) 4 (52) 4 (157) 1 (38) 3 (51) 1 (38)

Private alleles 0 0 3 0 0 0

Allelic richness b 2.31 ± 0.83 ab 2.33 ± 0.82 ab 2.82 ±
1.05 a

1.81 ± 0.75
ab

2.13 ± 0.94
ab

1.77 ± 0.38
b

Nei’s diversity c 0.439 0.293 0.355 0.266 0.348 0.153

M-ratio d 0.46 0.46 0.59 0.36 0.43 0.36

aLocations, names of sites and sampling efforts are in Table S4
bMean value (± standard deviation) mean values per locus and region. Different letters highlight significant differences among regions
(Kruskal–Wallis test; α= 0.01)
cSensu Nei [59]
dRatio of the number of microsatellite alleles to the range of allele size due to repetition polymorphism, sensu Garza and Williamson [39]; stable
populations are above a 0.68 threshold [39]
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Scleroderma bermudense inoculant spores are
transported on seagrape fruits

Seagrape fruits contain a single seed surrounded by a fleshy
pericarp (Fig. 3a) that fall and dry on sand (Fig. 3b) where
old Scleroderma sporocarps deliver spores (Figs. 3c, d). To
understand how S. bermudense efficiently colonizes sea-
grape populations, we looked for S. bermudense spores on
dried fruits from five Caribbean sites (Table S1). Under
light microscopy, 4 to 8 (5.6 ± 1.5, out of 10) fruits per site
showed Scleroderma spores on the pericarp, and this was
confirmed by SEM (Figs. 3e, f). Finally, PCR amplification
of DNA extracted from pericarp trimmings with the
basidiomycete-specific primers ITS1F-ITS4B detected
S. bermudense in 16 fruits (out of 50; 0 to 6 fruits per site;
3.2 ± 2.6).

Spores carried by seagrape fruits can inoculate
seedlings

To test for the inoculum potential of spores adhering to the
pericarp, we sowed fruits from three Guadeloupe sites
(Fig. 4) on sterilized beach sand. After 6 months, seedlings
from non-sterilized fruits were scarcely (at Bois-Jolan and
Cluny) to highly (Viard) colonized by a single ECM mor-
photype identical in morphology and ITS to S. bermudense.
Seedlings from surface-sterilized fruits were non-mycor-
rhizal, except one seedling with 2 out of 5 sampled roots
colonized by Pyronemataceae sp. #1 (KJ690091). This
suggested that pericarp spores inoculated S. bermudense in
non-sterilized treatments. Seedlings from sterilized fruits
supplemented with either pericarp trimmings or S. bermu-
dense spores were ECM with S. bermudense (Fig. 4; in
addition, two Cluny seedlings were colonized by

Fig. 2 Global genetic structure of S. bermudense populations. a Iso-
lation by distance among S. bermudense populations in regions of
origin of seagrape (ROs, i.e., considering pairs of populations from
Caribbean sites; pairs in red) and at global scale (i.e., all population
pairs including sites from the regions of introduction, RIs). Pairs are
colored according to the sites considered (see panel legend); due to

overlap, several pairs may be represented by a single dot. b Cluster
analysis of S. bermudense populations, based on the software
STRUCTURE 2.2 for two clusters, the most likely scenario retrieved.
All 410 samples are represented on the abscissa, with their geographic
origin; on the ordinate, estimated membership probability (Q) to
cluster #1 (in red) or cluster #2 (in green) for each sample
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Pyronemataceae sp. #1 on, respectively, 1 and 2 out of 5
roots sampled). Despite one Pyronemataceae contaminant,
we conclude that S. bermudense spores adhering to the
pericarp can inoculate seagrape seedlings.

Discussion

During its pantropical introduction, seagrape lost most of its
Caribbean ECM fungal diversity, and mostly associated
with two phylogenetically close Scleroderma species in RIs.
An unknown Scleroderma in Brazil, Malaysia and Japan,
and S. bermudense in Réunion and Senegal colonized
96.7% of investigated ectomycorrhizae. Seagrape seedlings
in Senegal did not associate with locally available ECM
fungi. We discuss these results taking into account (1) the
attachment of Scleroderma spores on seagrape fruits, and
(2) the genetic diversity of S. bermudense in RIs.

Scleroderma spp. dominate inRIs

Diversity indices for ECM fungi in Caribbean seagrape
forests are among the smallest for monospecific ECM for-
ests ([30, 31]; [43]. Yet, this diversity is even lower in RIs,
with up to two taxa per region, despite a higher sampling
effort than in the ROs. The two dominant Scleroderma
species found in RIs also abound, and sometimes even
dominate, under seagrape in ROs [30, 32]. They can even
coexist in ROs ([30]; our unpublished study at Pastillo
Middles (Puerto Rico) detected Scleroderma sp. #1 and S.
bermudense in a 1:9 ratio on 151 ectomycorrhizae). In RIs,
however, these two Scleroderma species never occur sym-
patrically. Põlme et al. [30] investigated the seagrape ECM
community in the RI site from French Guiana that we
investigated here for population genetics, and recovered
exclusively S. bermudense. Thus, Scleroderma species
exclusively dominate in RIs, even close to ROs.

Scleroderma spp. dominated even in RIs where native
ECM fungi occur (i.e., Japan, Malaysia and Senegal). In
Senegal, seagrape seedlings do not associate with ECM
fungi from E. camaldulensis, although this tree harbors
diverse ECM fungi [29]. Thus, the depauperate ECM com-
munity in RIs potentially results from a trend to ECM spe-
cificity, in addition to the founder effect of limited ECM co-
introductions. A long coevolution with few fungal partners
in extreme soil conditions [44] may have reinforced sea-
grape preference for a few fungal lineages. Põlme et al. [30]
suggested a similar coevolution for Thelephora species that
dominate ROs communities, and indeed we found Thele-
phora spp. in two sites of RIs.

The inability of S. bermudense to colonize E. camaldu-
lensis seedlings suggests a reciprocal specificity. The genus
Scleroderma has variable ECM specificity [36], and includes
a subclade specific to ECM Gnetum (Gnetopsida), which is
highly frequent or even dominant on Gnetum roots [45, 46].
Scleroderma sp. #1 and S. bermudense themselves belong to
a Caribbean subclade within Scleroderma that may similarly
have evolved specificity to seagrape and its particular soil
conditions. An ancient evolutionary and ecological link
would also explain the protective effect against salt descri-
bed for S. bermudense on seagrape [34, 44].

Pseudo-vertical transmission of Scleroderma
bermudense

Symbioses undergo two modes of transmission [47]. In
vertical transmission, at least one parent provides symbionts
to the next generation, whereas in horizontal transmission,
different symbionts reassemble at each generation. Hor-
izontal transmission is the rule for root symbionts, perhaps
because they are too far from seeds to evolve vertical
transmission. Yet, in some formally horizontal transmis-
sions, the symbionts acquired are actually those from the
parents that live in the neighborhood. In mycorrhizal sym-
bioses, such a ‘pseudo-vertical’ transmission occurs when

Table 3 Analyses of molecular variance (AMOVA) estimating the amount of genetic variance explained by RO (Guadeloupe, Martinique and
Puerto Rico) and RI (French Guiana, Senegal and Réunion; top three rows, in bold) or by all sampling regions (considering all sampled regions
individually; bottom three rows, in italic)

Source of variation Variance components Percentage of variance

Among RO and RI 0.09 n.s. 6.56 %

Among sitesa within RO, RI 0.38 *** 28.30 %

Within sites 0.88 *** 65.15 %

Among sampling regions 0.30 *** 22.35%

Among sitesa within regions 0.16*** 12.20%

Within sites 0.88*** 65.46%

n.s. not significant

***P < 0.0001
aIn each region (Guadeloupe, Martinique, Puerto Rico, French Guiana, Senegal and Réunion), one to five sites were sampled, see Table 2 and S1

1812 S. Séne et al.



seeds germinate close to the maternal plant [48, 49]. Here,
we describe a novel mechanism of pseudo-vertical
transmission.

This pseudo-vertical transmission requires (i) the fleshy
pericarp of seagrape that aggregates dust while drying on
soil, and (ii) the dense spore bank produced by S. bermu-
dense. Dense spore banks characterize fungi producing
(semi-)hypogeous sporocarps filled with thick-walled
spores, some of which remain undispersed [50, 51]. In an
additional experiment, we tested the inoculum potential of
this spore bank by adding soil from seagrape beach sites on
seedlings germinated axenically: this resulted in 13–56%
ECM roots colonized by S. bermudense (Fig. S2). Thus, the
spore bank and fleshy fruits favor a pseudo-vertical trans-
mission. Whether spore adhesion resists dispersal by sea
water (which is common for seagrape) remains to be
demonstrated, but it is relevant for local propagation on a
beach and for anthropic dispersal of fruits.

Vertical transmission selects for mutualism [52, 53],
because any cheater harming its symbiont will produce
offspring interacting with partners of lower quality, while
any better altruist will provide improved partners to its
offspring. In the seagrape-Scleroderma interaction, the
spore bank is likely genetically close to established mycelia,

due to limited dispersal, as in other (semi-)hypogeous fungi
[50, 51]. Thus, fruits tend to associate with spores geneti-
cally close to mycelia colonizing mother trees, and main-
taining similar genetic combinations over Scleroderma/
seagrape generations. This may have selected for increasing
mutualism, including specificity, growth enhancement and
protection against salt [34].

Pseudo-vertical transmission in mycorrhizal symbiosis
deserves investigation in other plants with fleshy
fruits, and beyond. Indeed, spores were recently found on
dry seeds of a Southern Asian Dipterocarpaceae tree,
Shorea leprosula, inoculating Thelephoraceae and, inter-
estingly, Scleroderma spp. on seedlings [54]. The seagrape-
Scleroderma pseudo-vertical transmission may explain (i)
the abundance of Scleroderma in all seagrape ECM com-
munities [30], and (ii) why other taxa mycorrhizal asso-
ciated with seagrape in ROs scarcely ever colonize seagrape
in RIs.

A co-introduction of seagrape and S. bermudense?

Are Scleroderma spp. in RIs introduced or locally recrui-
ted? We can only comment on genetic data available for S.
bermudense. On the one hand, this species is considered as

Fig. 3 Seagrape fruits and S. bermudense spores from Bois-Jolan
(Guadeloupe). a Fresh and b dry seagrape fruit; c S. bermudense
sporocarps, either semi-hypogeous and immature (red asterisks), or old
and releasing spores (arrowheads), with a section of a young sporocarp

displaying the violet immature spore mass; d S. bermudense spores in
light microscopy; e, f TEM of pericarp surface from a fruit covered by
Scleroderma spores (arrowheads). Bars are 1 cm in a-c; 10 µm in d-f
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Caribbean [36]. Indeed, to our best knowledge, it was only
reported under seagrape, and private alleles occurred only in
Puerto Rico. On the other hand, S. bermudense could be a
hitherto overlooked pantropical species, becoming con-
spicuous after seagrape introduction, which could explain
the absence of founder effect in RIs.

Although genetic isolation by distance exists in ROs, as
expected for ECM fungi (especially hypogeous or semi-
hypogeous; [51]), this pattern is disrupted at a global level,
with RI populations less differentiated from ROs (and
between them) than expected by considering their distance.
The loss of genetic geographic structure is expected after
anthropic dispersal, whose geopolitical and economic logic
escapes the limitations of spore dispersal (e.g., Rivera et al.
[13]). High mutation rates at microsatellite loci [55] or non-
equilibrium patterns of population expansion [56] can
explain the absence of isolation by distance between
anciently diverged populations, which could be expected if
S. bermudense was anciently pantropical. However, the
strong genetic similarities between Guadeloupe, Martini-
que, French Guiana and Senegal, on one hand, and Réunion
and Puerto Rico, on the other hand, may recapitulate
introduction patterns. Moreover, a founder effect is reduced
if each fruit introduces several S. bermudense spores, and
aggregate many genotypes from the beach spore bank:
indeed, microsatellite amplifications from fruit trimmings
revealed several alleles (data not shown). Thus, our data
favor at least two separate introductions of S. bermudense in
Africa, and one in French Guiana. Considering Thelephora

spp. found in RIs, we cannot exclude that they pre-existed
in these regions. However, Thelephora have a potential to
be dispersed on ECM hosts’ seeds [54]. Thelephora #2,
very abundant on Malaysian seagrapes, is known from
Guadeloupe [32], may thus be another co-introduction of a
specific symbiont.

Two hypotheses can explain why the two Scleroderma
species never co-occur in the RIs, assuming that they share
a common Caribbean origin. First, drift may have
occurred, leading to the random loss of one species. How-
ever, the absence of intraspecific genetic drift for S. ber-
mudense argues against efficient drift during seagrape
introduction. Second, Scleroderma sp. #1 and S. bermu-
dense can exclusively dominate in some RO populations
([30]; e.g., Scleroderma sp. #1 exclusively dominates in
Colombia), so that different seagrape origins can introduce
a different Scleroderma species. As all investigated
RIs harboring S. bermudense are French speaking,
exchanges between former French colonies may have dis-
seminated S. bermudense that dominates in French Car-
ibbean islands [32].

Conclusions

Anthropic dispersal of seagrape drastically reduced its
associated ECM fungal community. The scenario of co-
introductions of ECM fungi is supported by (1) the fact that
one Thelephora and all Scleroderma spp. found in RIs also

Fig. 4 Mycorrhizal colonization
(% of apex colonized) by S.
bermudense of 6-month-old
seagrape seedlings from Bois-
Jolan, Cluny and Viard, sown on
their respective sterilized beach
sand. Treatments: control= non-
sterilized fruits (dotted column),
surface-sterilized fruits (gray;
always 0%), surface-sterilized
fruits inoculated by non-sterile
fruit trimmings from the same
origin (white), and surface-
sterilized fruits inoculated by S.
bermudense spores (black, for
Bois-Jolan only). See main text
for ECM contaminants observed
in a few seedlings (not presented
here). Bars correspond to
standard deviations (n=
10 seedlings per treatment) and
for each site, different letters
indicate a significant difference
according to ANOVA (P <
0.0001). 0, no S. bermudense
ectomycorrhizae found
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occur in ROs of seagrape, and (2) the population genetic
structure of S. bermudense. Such
plant–fungal co-introductions where new mutualisms are
absent or rare, confirms on the plant side, in a non-invasive
framework, a pattern reported for specific fungi hitchhiking
host invasions, for example, ECM fungi of Pinus [17]. Our
results show how introduced horticultural plants can cause
hidden fungal introductions, and support our prediction of a
high co-introduction potential for species with low diversity
of mycorrhizal partners. Seagrape displays two predisposi-
tions for co-introduction, namely its specificity (making it
irresponsive to local ECM fungi) and its unusual pseudo-
vertical transmission of Scleroderma spores aggregating on
fruits.

Finally, specific fungi can generate exclusive nursery
effects for conspecific seedlings growing under adults [43,
57], because seedlings benefit from fungi already estab-
lished at the expense of adults. Selectively positive feed-
back is a common feature in invasive species [58]. Thus,
although seagrape is currently non-invasive, careful mon-
itoring of this (and other) mycorrhizal-specific species
appears necessary in the long term [60, 61].
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