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Summary

We studied Xylosandrus compactus and X. crassiusculus genetic structure using a mitochondrial
marker to understand their invasion history in Europe. After sequencing nafive and invasive
specimens collected in different parts of the world, we only found one haplotype for X.
compactus in Europe, also found from individuals sampled in Shanghai. This suggests a single
infroduction from the native area, maybe in ltaly, followed by a spread to other European regions.
For X. crassiusculus the situation is more complex, with four haplotypes in Europe, two of which
were found exclusively in Europe. Two of the European haplotypes were found in the native areq,
one in Shanghai and the other in several localities in Japan. We thus hypothesize that there were
several infroductions from native areas, followed by invasion from European localifies. The
presence of shared haplotypes between Europe and Shanghai for both species suggests that the
region of Shanghai could be a main source of invasions. We hypothesize that both species
invasion is mainly human-mediated, probably through ornamental plant frade, known to be the
biological invasions' main pathways worldwide.

NATURA 2000
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1. Infroduction

Biological invasions are one of the main threats to biodiversity worldwide, and their number has
been increasing steadily in the last decades. Invasion scenarios can be diverse, whether human-
mediated or unassisted, through unique or several infroductions, with only a few or many founders.
Understanding where an invasive species comes from and how it was dispersed is critical in its
management. Studying invasive species' genefic structure allows unravelling of their invasion
history. However, it heavily relies on the sampling quality, including in the native area where the
species might not be troublesome, and the information is often scarcer.

Xylosandrus crassiusculus and X. compactus are two ambrosia beetles native from Southeast Asia.
They are known invaders worldwide and share apparently similar invasion histories. Both have
been detected outside of their native range more than one century ago in Madagascar before
spreading to confinental Africa and later in the New World. Both species were recently reported
from Europe where they were first detected in Italy, X. crassiusculus in 2003 ' and X. compactus in
2011 2, before being detected in France in 2014 and 2015 3, respectively. X. crassiusculus was then
detected in 2016 in Spain 4 and 2017 in Slovenia 5 whilst X. compactus was detected in 2019 in
Greece ¢ and on the island of Majorca in Spain 7. As other ambrosia beetles, their ecological
characteristics tend to favour invasion. They are xylomycetophagous and feed on symbiotic fungi
carried in a specialized structure in their body called mycangium. This feature allows them to
attack a broader range of host tree 8, which is a major reason for their success as invaders 2. More,
siblings mate directly in the maternal gallery, allowing a single mated female to establish a
population. Therefore, they presumably avoid classical detrimental effects of deterministic
processes such as mate-finding Allee effect or inbreeding as they are haplodiploid and evolved
under inbred mating strategies 1°. Both species originated from subfropical areas and succeeded
in invading tropical and subtropical regions in a first step. However, both are now established
under temperate and Mediterranean climates. X. crassiusculus is now established as far North as
South Canada ' and was intercepted several fimes in the Netherlands during the last decade 12,

Our goal was to study both species' genetic structure in Europe to improve our understanding of
their European invasion. We first reviewed the existing literature for papers about X. compactus
genetic structure in other regions, but we did not find anything. However, we found three studies
about X. crassiusculus. The first paper by Ito & Kajimura '3 focused exclusively on Japan using a
mitochondrial marker (C1-J-2183 - TL-2-N-3014-ANT), found three distinct lineages and concluded
that they could not infer a simple population history scenario. The second paper by Landi et al. 14
focused on South America using another mitochondrial marker (LCO-HCO). They found the same
haplotype in Argentina, Uruguay and the USA but could not conclude about the origin of South
America's invasion. The third study by Storer et al. '> analyzed X. crassiusculus' genetic structure
worldwide (except Europe and South America) using genomic data (ddRADseq). They suggest
that human expansion is the most likely route of infroduction and found two distinct and highly
differentiated clusters. These studies used different genetic markers and focal areas, preventing
from combining their results. We fried to bridge this gap sequencing mitochondrial and nuclear
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DNA (using RAD sequencing) on specimens from a maximum of localities. Including samples from
non-European regions was the sole possibility to infer the origin of this recent invasion, and to
determine which genetic cluster was infroduced.

Our goal is to determine whether invasives populations came from the native area or already
invaded regions through bridgehead effect. We hypothesized that both species' European
invasion started in Italy, before spreading to other countries, and that the diversity is lower in
invaded than native areas. Because of their biology, we expected high homozygosity in both
native and invaded areas.

2. Choice of the genetic markers

Independent markers can give complementary information regarding a species' genetic
structure, so we decided to use both mitochondrial and nuclear DNA.

Mitochondrial DNA

We wanted to use the same marker for both species. We chose the barcode fragment, LCO-HCO,
for which several reference sequences are available in international databases such as GenBank
and BOLD. This allowed us to compare our results to previous works and add localities, particularly
from South America, for which we failed to obtain tissues. To do so, we used primers LCO1490 (5'-
GGTCAACAAATCATAAAGATATIGG-3') and HCO2198 (5'-TAAACTTCAGGGTGACCAAAAAA
TCA-3’) 18,

RAD sequencing

RAD sequencing (RADseq) is a high-throughput molecular method that allows genotyping
thousands of loci all over the genome for each individual, without a priori. It is based on genome
digestion by an enzyme (Pst1 in our case) followed by sequencing of the DNA regions on both
sides of the digestion site. A challenge was to use this method on finy specimens because a
minimum amount of individual DNA is necessary. We used a whole-genome amplification method
called GenomiPhi that was successfully applied in the past on micro-Hymenoptera (see Cruaud
et al. 2018 7). We already generated data for X. compactus, and the preliminary data analyses
are promising. We will thus proceed with X. crassiusculus in the coming weeks.

3. Populations studied

We sequenced mitochondrial DNA of 88 specimens from 28 localities and six countries for X.
compactus to which we added 14 sequences found in Genbank (Figure 1a). For the RAD
sequencing experiment, we used 128 specimens from 27 localities and six countries (Figure 1b).

We sequenced mitochondrial DNA from 183 specimens from 72 localities and 17 countries for X.
crassiusculus to which we added 28 sequenced found in Genbank (Figure 2).
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Figure 1: Origin of the a) mitochondrial and b) RAD sequences used to assess the genetic structure of X.
compactus. Sequences from UZRF and Genbank are represented in blue and red, respectively.
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Figure 2: Origin of the mitochondrial sequences used to assess the genetic structure of X. crassiusculus.
Sequences from UZRF and Genbank are represented in blue and red, respectively.
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4. Genetic structure

The genetic structure of both species was first analyzed worldwide. In a second step, we present
the results focusing on Europe, which represents more particularly the challenge launched in the
project SAMFIX.

Xylosandrus compactus
Worldwide

The sequences obtained for the 102 studied individuals raised a total of 9 different haplotypes
worldwide named Al — A5 and B1 - B3, three of which were found in invaded areas (Figure 3). A
phylogenetic analysis using MEGA software and the Neighbour-Joining algorithm showed that
they could be grouped in 2 clusters (A and B, see Figure 3 and Table 1). Haplotype Al was found
in Europe and Shanghai, A2 exclusively in the Americas and the Pacific Islands and B3 in Uganda,
India and Vietnam (Figure 4). The haplotypes A1 and A2 were highly similar (99.8%), differing by
only one substitution. The other haplotypes were exclusively found in native areas.
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—— A4 China
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Figure 3: Xylosandrus compactus' evolutionary tree inferred using the Neighbor-Joining method.
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Group Average Evolutionary Distances Standard Error Estimates
Intra Cluster A 0.029 0.004
Intra Cluster B 0.042 0.007
Inter Cluster 0.07 0.010

Table 1: Average evolutionary distances infra- and inter-clusters for Xylosandrus compactus calculated using
the Tajima-Nei model.

The haplotypes A1, A2 and B3 were each detected in several very distant places, indicating that
the invasion was probably human-mediated and that the same origin might have invaded
several regions. However, every locality studied in the invaded area showed only one haplotype,
suggesting that each invasion probably occurred from a single introduction with low genetic
diversity. This is in line with our expectations as X. compactus allows for invasion with a single-
mated female.

No genetic variation was found in the Americas and the Pacific Islands, where only the haplotype
A2 was found. This could result from multiple invasions from the same source, bridgehead effect
and invasion from already invaded areas, or a combination of both. X. compactus can disperse
more than 8km between two flying seasons 18, which would be enough to disperse actively
between close sites (e.g. between our sampling sites in Hawaii for example). Between remote
places, the spread of the A2 haplotype was mainly probably human-mediated through
international trade. The similarity between the haplotype Al and A2 is surprising, suggesting a
recent divergence and maybe a common origin of these two invasions.

The haplotype B3 was found in Ouganda and ftwo localities in X. compactus' native area, India
and Vietnam, suggesting that it might originate from one of these localities.

To conclude, cluster A is present in China and invaded Europe, the Americas and the Pacific.
Cluster B is present in India and Viethnam and invaded at least a part of Africa (Ghana, Uganda).
We have no information on the other genetic structure of the other invasive populations in Africa,
so we cannoft tell whether cluster B is the only present in Africa.
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Figure 4: Map representing the different mitochondrial haplotypes sequenced for Xylosandrus compactus
a) worldwide and b) with a focus on Asia.

Focus on Europe

No genetic diversity was found in Europe, where only haplotype Al was found despite a dense
sampling in France, Italy and Greece. In the native areaq, this particular haplotype was only found
in Shanghai (Figure 5), which suggests that X. compactus' infroduction in Europe might come from
Shanghai, through ornamental plant frading.

X. compactus was found Mallorca in 2019, but we did not manage to get specimens from there.
It was also found in Corsica during summer 2020, and we are still waiting for the sequencing results.
We expect to find haplotype Al and confirm a plausible unique infroduction event in Europe
followed by a geographic expansion in several Mediterranean regions.
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Figure 5: Map showing the haplotype found in Europe.

Xylosandrus crassiusculus
Worldwide

The sequences obtained from the 183 studied individuals raised 49 different haplotypes worldwide
named Al — Al1, BT - B7, C1 - Cé, D1, E1 — E6, F1 — F3, G1 and H1 — H14, corresponding fo 8 8
haplogroups (A — H). A phylogenetic analysis using MEGA software and the Neighbour-Joining
algorithm showed that the haplotypes could be grouped in 2 clusters (cluster 1 corresponding to
haplogroups D to F and cluster 2 to Haplogroups A to C, see Figure é and Table 2). Our results are
in line with the literature. First, our two clusters matched the ones described in Storer et al. 2017 15,

Group Average Evolutionary Distances Standard Error Estimates
Intra Cluster 1 0.052 0.005
Intra Cluster 2 0.057 0.007
Inter Cluster 0.12 0.011

Table 2: Average evolutionary distances infra- and inter-clusters for Xylosandrus crassiusculus using the
Tajima-Nei model.
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Figure 6: Xylosandrus crassiusculus' evolutionary tree using the Neighbor-Joining method.
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Second, the clades A, B and C identified by Ito & Kajimura 13 seemed to match the haplogroups
B, A and C identified in our dataset, respectively. Hence, they all correspond to Cluster 2 (Figure
6). The only specimen from Japan belonging to the first cluster was found in Okinawa and was
uploaded on Genbank by Anthony Cognato.

The 12 haplotypes found in invaded areas belonged to either haplogroup A (all A except A3 and
Al1) or E (E1 - E3) (Figure 6 and 7). The other haplogroups were only found in native areas.
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Figure 7: Map representing the different mitochondrial haplogroups sequenced for Xylosandrus crassiusculus.

The haplotypes A2, A7 and E1 were found in both invaded areas and Japan (Figure 6). We
hypothesize that these three haplotypes might have originated from Japan. It is unclear whether
these invasions spread directly from Japan or if primary invasion served as a source for further
invasions. The haplotypes A2 and E1 are widespread worldwide. This suggests that they might be
present in intensive international exchange areas, increasing the number of individuals colonizing
new areas and the number of potential regions. Although unlikely, another explanation would be
that they are linked with high invasiveness, thus increasing establishment probability.

The 9 other invasive haplotypes had a more limited distribution and were only found in the
invaded area, which does not inform about their respective origin or invasion history.

As opposed to what we observed with X. compactus, some locdlities in the invaded area had
more than one haplotype, such as Podsabotin (Slovenia). We even found haplotypes from both
clusters in two Hawaiian localities, Poamoho Ridge and Manoa Valley, suggesting that they might
have been invaded several times from different sources. We hypothesize that this invasion
happened through plant importation, which is coherent because Hawaii relies on importation of
plants and parts of plants, in which insects can sometimes slip from border conftrols.

10
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Focus on Europe

Xylosandrus crassiusculus

We found four haplotypes in Europe, all belonging to cluster 2, haplogroup A (Figure 8). We only
found one haplotype in Italy. This confradicts our hypothesis that Italy was the first area invaded,
and acted as a source for further invasions in Europe.

The haplotype A2 is widespread worldwide and was found in several localities in Spain and Italy.
It is also present in several localities in Xylosandrus crassiusculus' native area in Japan, which could
be the origin of this haplotype's invasion in Europe. X. crassiusculus was detected in Italy in 2003
and Spain in 2016, suggesting that Italian populations spread to Spain. Another possible
explanation would be that Italy and Spain's invasions resulted from multiple introductions from one
or several origins.
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Figure 8: Map representing the distribution of the haplotypes found in Europe a) worldwide and in b) Europe.
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The haplotype A10 was found in Western France and Shanghai. We hypothesize that a part of X.
crassiusculus' introduction in Europe might come from Shanghai, through ornamental plant
frading, which corresponds fo our hypothesis regarding Xylosandrus compactus' single
infroduction in Europe (see above).

The haplotype A9 was found exclusively in Slovenia, which could be explained by several
hypotheses. First, it could be because its presence in Europe resulted from a separate introduction
from an area that we did not sample or a haplotype that we failed to detect. However, as it
coexists with A10, which is present in France, this does not seem like the most straightforward
explanation. A second explanation would be that it has the same origin as A10 but somehow did
not reach Western France. This could be due to a lower frequency than A10 in the original
population, orrandom effects when shipping ornamental trees. A third explanation would be that
Slovenia was invaded first and invaded France through bridgehead effect, losing the haplotype
A9 in the process through genetic drift. However, this seems unlikely as X. crassiusculus was
detected in Western France 3 years before Slovenia.

5. Conclusion

The invasion history of X. compactus seems relatively straightforward. We found a low genetic
diversity for Xylosandrus compactus, with only 9 haplotypes worldwide. The only haplotype found
in Europe was present in Shanghai too, suggesting a single invasion in Europe followed by
dissemination via active and human-aided dissemination.

Xylosandrus crassiusculus' invasion seems more intricate. We found much more genetic diversity
with 49 haplotypes worldwide, divided into two differentiated clusters. Only one cluster was found
in Europe, probably originating partly from Japan and China. The presence of 4 haplotypes in
Europe and only one haplotype in Italy confradicts our hypothesis that Italy was the first and only
area invaded, and acted as a source for further invasions in Europe.

Performing species distribution modelling on Xylosandrus crassiusculus' cluster 1 would inform us of
its ability to establish in Europe. As both clusters cannot be fold apart using morphological data
(Anthony Cognato, personal communication), molecular markers such as LCO-HCO should be
included in surveys as a diagnostic tool.

Both species are still spreading through Europe, their invasion history sfill being written. It is thus
crucial to be careful with the conclusions drawn using only a single marker. The RAD sequencing
results will probably cast some light on our data and help us better understand both species'
invasion history. RAD sequencing gives access to thousands of loci and thus an increased stafistic
power, and will be used to corroborate or infirm the scenarios we proposed with the mitochondrial
data.

12
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