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Abstract

Background

Phylogenetic studies, particularly those based on rDNA segsidnoen plant roots an
basidiomata, have revealed a strikingly high genetic diversitiignSebacinales. Howevs
the factors determining this genetic diversity at higher anérddaxonomic levels within th
order are still unknown. In this study, we analysed patterns radtigevariation within twg
morphological speciesSebacina epigaeandS. incrustansbased on 340 DNA haploty
sequences of independent genetic markers from the nuclear 8%+ D1/D2, RPB2) ar
mitochondrial (ATP6) genomes for 98 population samples. By charactetiise geneti
population structure within these species, we provide insights inttesg@undaries and t
possible factors responsible for genetic diversity at a regional geogsaathé.

Results

We found that recombination events are relatively common between |nptymalations
within Sebacina epigaeand S. incrustans and play a significant role in generat
intraspecific genetic diversity. Furthermore, we also found RRB2 and ATP6 gene
display higher levels of intraspecific synonymous polymorphism. dgleyletic an
demographic analyses based on nuclear and mitochondrial loci reveaded diltinct
phylogenetic lineages within of each of the morphospegiepigaeandS. incrustansone
major and widely distributed lineage, and two geographically céstri lineages
respectively. We found almost no differential morphological or eccédgharacteristics th

ng
S

S

could be used to discriminate between these lineages.




Conclusions

Our results suggest that recombination and negative selectiomplagee significant roles in
generating genetic diversity within these morphological speatismall geographical scales
Concordance between gene genealogies identified lineages/@ppties that have evolved
independently for a relatively long period of time. These putapeeiss were not associated
with geographic provenance, geographic barrier, host preferanckstinct phenotypi
innovations.
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Background

Comparative studies of the genetic structure of populations, parycabeose utilising
molecular makers, have provided new opportunities for better undersjansiorical and/or
contemporary factors for modelling speciation. Surveys using DNiati@ in rDNA and
other sequence data have revealed several examples of morphdiogined species that
have diverged into reproductively and/or genetically isolated morphologicall
indistinguishable monophyletic subgroups or cryptic species segle8]. In particular,
patterns of geographic distribution have been noted as one of the main factors shapiag specie
diversification. For instance, geographically isolated populatiohspédty) appear to be one
of the most plausible causes of speciation. In addition, for some species congyeyesric
speciation likely has been caused by changes in ecologicahd@raife history traits and
reinforced by negative selection towards hybrids. Such causesteeke less frequent in
allopatric speciation, where the major barrier to gene flow is geographic.

Gene genealogies from independent DNA loci have been recommendednaans of
identifying phylogenetic species [6,10]. Molecular markersvarg helpful for this purpose,
especially within fungus groups with comparatively simple bodggthat seriously restrict
the number of constant and recognisable characters. This is ¢hie thhe Sebacinales, where
high genetic diversity has been reported from the analysis of rBd&fences of lineages
with low levels of morphological variation see e.g. [11]. For exammlonsiderable
intraspecific genetic variation has been found within the g&elsacina(S. epigaeaS.
incrustansand S. vermifera While Sebacina vermiferas not known to develop visible
basidiomata$S. epigaealevelops relatively thin waxy-gelatinous, pale grey basidioni&ta [
andS. incrustandorms thick resupinate-incrusting, coriaceous, cream to ochre drasiti
[13]. Sebacina epigaeandS. incrustansare both broadly distributed in Europe and form
mycorrhizal associations with forest trees [14] and/or orchids Bidih species are relatively
easy to recognise and distinguish from one another in the fielddprg an exceptional
opportunity to study their intraspecific diversity in combinationhwah evaluation of their
ecological and morphological characteristics.

To explore the possible factors that have caused the high genetisitgi observed in the
Sebacinales, we have focussed our molecular phylogenetic apmegmopulation samples
of two morphological specieSebacina epigaeandS. incrustanglistributed over a regional



geographic range (Figure 1). By characterising the genetiatioar, estimating the genetic
structure, and comparing the independent nucDNA (ITS + 5.8S + D1/D2 RB&)Rand
mtDNA (ATP6) markers fronS. epigaeaand S. incrustangpopulation samples, we have
been able to address the following questions: (i) What is the petdi€ genetic variation
within these two morphospecies, how many species are found within each morplsogpécie
are these morphospecies monophyletic? (ii) Are their intraspaci€lear and mitochondrial
genealogies concordant? (iii) If significant genetic ditgrsis present, is there
morphological, geographical and/or ecological segregation of the differemt Imapges?

Figure 1 Map of Southern Germany illustrating the geographic location of he collecting
sites of Sebacina epigaeand S. incrustanspopulation samples.Sampling areas are coded
as follows: BA = Bavarian Alps, EA = Eastern Swabian Alb, HBachenlohe, NV = Neckar
Valley, WA = Western Swabian Alb.

Results

DNA amplification and phylogenetic placement

In general, it was easy to amplify the nuclear DNA (ITS.8S + D1/D2 and RPB2 genes)
from the majority of the population samples. On the other hand, for papuation samples

of Sebacina epigaeaye were unable to amplify the mitochondrial DNA (ATP6 gene).
Phylogenetic analysis of our own complete ITS sequences and th®sbaufinebasidiomata
available from the GenBank/UNITE databases placed some of quersses in rather
isolated positions (Figure 2), except f&. epigaeahaplotype H3 was identical to
UDB016431 and haplotype H4 was identical to UDB016419 both from Estonia, resjyect
For S. incrustanshaplotypes H2, H3 and H4 appeared to be identical to EF644113 (Austria)
UDB000118 (Denmark) and AY143340 (Germany); haplotype H5 the same aS800DB4
(Denmark); and haplotype H8 to be identical to AJ966751, AJ966752 and AJ966753 (all
Estonia).

Figure 2 Phylogenetic placement of the newly generate@ebacina epigaeaand S.
incrustansITS rDNA sequences.Ingroup includes our owfebacinasequences (one per
haplotype, marked with a star), those ITS sequences obtained frafiobeda ofSebacina
(blue printed) and ectomycorrhizae of European trees availabler@BaBk and UNITE
databases. Tree topology was computed from 1000 runs and was midpoint rootsttap
supports (>50%) are shown for each node. ek epigaealineage, H = haplotype, iL S
incrustanglineage.

In addition, some D1/D2 sequences of both species appeared to be iderdegliences of
basidiomata in GenBank from Germar$/: epigaeaH1l to AF291267S. incrustandHl to
AF291365 and FJ644513; aid incrustandH2, H3 and H4 to AY143340 and DQ520095,
and from AustriaS. epigaedi2 to AY505560 (data not shown).

Major phylogenetic lineages

Genealogies analyses of ITS + 5.8S and/or D1/D2, as well a2 RR& ATP6 did not
support the morphological speci®sbacina epigaeandS. incrustansas monophyletic taxa.
Phylogenetic analyses of datasets with and without recombinbkimks split both into
identical major lineages. I8. epigaeathree highly divergent lineages (named elL1, eL2 and



eL3) were inferred from the ITS + 5.8S + D1/D2 dataset (Eig@urAdditional files 1 and 2);
the monophyly of eL1 was not supported in the RPB2 and ATP6 datasstpt & RPB2

inclusive recombinant blocks (data not shown)Sinincrustansall loci strongly supported
three highly divergent lineages, iL1, iL2 and iL3 (Figure 4; Additiofil@s 3 and 4).

Approximately 95% of the population samples represented the linedgarel 60% the
lineage iL1. The ILD and SH tests did not detect any significatngruent phylogenetic
signal within (with and without recombination blocks) or among genes.

Figure 3 Genetic variation based on 63 non-recombining ITS + 5.8S + D1/D&plotype
sequences oSebacina epigaeaHaplotypes are coded with H1 to H11 and heterozygous
sequences are coded with a andapMaximum likelihood phylogenetic tree. Tree topology
was computed from 1000 runs and was midpoint rooted. Bootstrap supports (>80%) a
shown for each node. Substrate types where the basidiomata gremvapped on the
topology. elL1 to eL3 represent major lineag®$.Median-joining network. Circle sizes are
proportional to haplotype frequency and connecting lines are proportionmaltation events
between haplotypes (numbers of mutated positions are givenl fexcapt one mutation).
Colours indicate geographical areas where the basidiomata cobeeted. €) Statistical
parsimony network. Parsimony probabilities were set at 95%esSaf circular and
rectangular areas are proportional to the number of individuals thdh haplotype.
Ectomycorrhizal tree families co-occurring in the sampling sitesbbreviated as follows: B

= Betulaceae, F = Fagaceae, P = Pinaceae, S = Salicaceae.

Figure 4 Genetic variation based on 63 non-recombining ITS + 5.8S + D1/Daplotype
sequences oBSebacina incrustansHaplotypes are coded with H1 to H8 and heterozygous
sequences are coded with a andap.Maximum likelihood phylogenetic tree. Tree topology
was computed from 1000 runs and was midpoint rooted. Bootstrap supports (>80%) a
shown for each node. Substrate types where the basidiomata grewapped on the
topology. iL1 to iL3 represent major lineagels) Median-joining network. Circle sizes are
proportional to haplotype frequency and connecting lines are proportionmaitation events
between haplotypes (numbers of mutated positions are given feradpt one mutation.
Colours indicate geographical areas where the basidiomata coleeted. ¢) Statistical
parsimony network. Parsimony probabilities were set at 95%esSdaf circular and
rectangular areas are proportional to the number of individuals thdh haplotype.
Ectomycorrhizal tree families co-occurring in samplingssdee abbreviated as follows: B =
Betulaceae, F = Fagaceae, P = Pinaceae.

Genetic diversity and spatial distribution of lineages

Percentages of ITS + 5.8S + D1/D2 sequence divergence before andeaitering
recombination blocks were higher $ebacina epigaethan inS. incrustangAdditional file

5). Most of the polymorphisms were localised at the third codon pos$idraime RPB2 and
ATP6 loci. The dN/dS ratios were below one, indicating that nega@lection is the
predominant force in RPB2 and ATP6 evolution (data not shown). For bothsspedigh
proportion of population samples (approximately 30% in ITS + 5.8S + D1/D3B@#din
RPB2) included one or more heterozygous positions. On the contrary, B@ g€fjuences
lacked any heterozygous positions. Heterozygous positions ranged betva@ein8linS.
epigaea,and between 1 and 11 $ incrustansn the RPB2 datasets. With regard to the ITS
+ 5.8S + D1/D2 datasets, between 1 and 3 heterozygous positions wetarf&. epigaea,
and between 1 and 4 B incrustangAdditional file 6). The total number of recombination
blocks forS. epigaeavas 39 in ITS + 5.8S + D1/D2, 31 in RPB2 and 4 in ATP6, whereas for



S. incrustans]19 were detected in ITS + 5.8S + D1/D2, 31 in RPB2 and 3 in ATRér Af
removing indels and recombination blocks, 11 ITS + 5.8S + D1/D2 haplotygresfaund
among the 50 population samples fr@mepigaeand eight haplotypes in the 48 population
samples forS. incrustans Table 1 and Figure 5 summarise the statistics of nucleotide
variation in the ITS + 5.8S + D1/D2 regions for both morphospecies, \iherdS region
(ITS1 and ITS2) was identified as the most variable region. Theatigutests performed
had non-significant values in most cases; therefore, the equilibriaahelnof neutral
evolution could be not rejected. Only for the whole sampl8.ahcrustansvas significant
value detected for Fu & Li's D* test, suggesting background selectmpul&ion samples
from Bavarian Alps (BA) for both species yielded significant resultshfer~u & Li's D* and

F* tests (Table 1).

Table 1Population statistics, diversity estimates and neutrality tests basexh ITS +
5.8S + D1/D2 nucleotide sequences ®bacina epigaeand S. incrustans

Species n h s hd k Tajima’s Fu & Li's
Population D D* F*

S. epigaea

BA 38 7 12 0.783 3.691 0.024 0.018 1.04 1.48* 1.57
WA 6 4 4 0.679 2.214 0.014 0.010 1.90 1.31 1.59
EA 2 1 0 0.000

NV 3 2 13 0.500 6.500 0.042 0.046 0.84 0.84 0.86
HO 1 1 1 1.000 1.000 0.006 0.006

All 50 11 53 0.853 4.962 0.032 0.044 0.87 1.07 0.42
S. incrustans

BA 22 13 23 0.059 9.124 0.020 0.013 2.02 1.67* 2.09*
WA 6 3 7 0.667 3.238 0.007 0.001 0.69 0.60 0.67
EA 7 5 9 7.69 3.615 0.008 0.001 0.97 0.96 1.09
NV 5 3 18 0.700 7.600 0.016 0.019 0.89 0.89 0.95
HO 8 2 25 0.429 10.714 0.023 0.021 0.59 1.61* 152
All 48 8 46 0.755 11.341 0.024 0.021 0.54 1.82* 1.60

Sampling areas are coded as follo®&:= Bavarian AlpsWA = Western Swabian AllEA =
Eastern Swabian AllNV = Neckar ValleyHO = Hohenlohe. n = sample size, h = number of
haplotypess = number of segregating sité&l = haplotype diversityk = average number of
nucleotide pairwise differences, = number of nucleotide differences per site, =
Watterson’s estimate of per site. Significant tests (P < 0.05) are marked with *.

Figure 5 Distribution of polymorphic sites after removing indels andrecombination

blocks in the ITS + 5.8S + D1/D2 haplotypes dbebacina epigaeand S. incrustans

Haplotype frequency is given in brackets. t = transitions, v anstrersions, i =
phylogenetically informative sites, — = uninformative sites.

The distribution of population samples & epigaeaindicates that eL1 has a wider
distribution, while eL2 is restricted to Hohenlohe and elL3 to Neckdlew#Figure 3).
Within S. incrustansiL1l has a wider geographic distribution, iL2 is restricted tgaBian
Alps and Neckar Valley, and iL3 to Hohenlohe (Figure 4).



Demographic structure

Within each morphospecies, both network estimation approaches found adlyssimtiilar
structure patterns between the ITS + 5.8S + D1/D2 (Figures 3 aR®PBY (Additional files
1 and 3) and ATP6 (Additional files 2 and 4) haplotypes. The median-joinitvgorke
revealed three frequent haplotypes (H1, H5, HBebacina epigaeavhereas haplotypes H9
and H10 were obtained from the same collection, and H11 representegleapgipulation
sample. All haplotypes were restricted to one or two samplas gifeigure 3). In thes.
incrustansiTS + 5.8S + D1/D2 dataset, H1 was the most frequent haplotype,ashé¢Beand
H4 occurred at low frequency. H1 was scattered throughout Bavalps, Eastern Swabian
Alb, Western Swabian Alb, and Neckar Valley, and appeared to have estrahposition to
the other haplotypes (Figure 4). Statistical parsimony analysiS. epigaeayielded three
ITS + 5.8S + D1/D2 networks comprising eight connected (H1-H8: elab),connected
haplotypes (H9, H10: eL2) and one single haplotype (H11: eL3). H5 had an ancestral position
to H1-H4 and H6-H8 (Figure 3). RPB2 and ATP6 genes produced simiaonkettructures
(Additional files 1 and 2). Analysis of the ITS + 5.8S + D1/D2 dat&seS. incrustans
resulted in one network with five haplotypes (H1-H5: iL1), one with baplotypes (H6, H7:
iL2) and one with a single haplotype (H8: iL3). RPB2 and ATP6 geweduced nearly
identical network structures (Additional files 3 and 4). In genemahlyses of RPB2 from
both morphospecies showed a greater number of haplotypes in comparistrSwit 5.8S +
D1/D2 dataset. Conversely, a smaller number of haplotypes wasedeitecATP6 dataset.
When we performed nested clade analysis using ITS + 5.8S + D1/B2etfatontaining
recombination blocks withi®. epigaeaa total of nine unconnected networks were detected,
whereas Sincrustansyielded six unconnected networks (see Additional file 5).

In S. epigaeaonly eL1 was significantly separated from eL2 and elL3, whem&S.
incrustans all pairs of lineages had significant pairwisg falues and exact tests (Table 2a).
Most of the pairwise & values and exact tests between pairs of sampling areas were
significant in S. epigaeaand a minor number of pairs of sampling areas proved to be
significant forS. incrustangTable 2b). Mantel tests comparing genetic differentiaties) (F

and geographical distance matrices were not significard (adtshown). AMOVA indicated
non-significant differentiation among groups for both scenarios amhlysérereas
percentages of total variance were significant among populatithi \groups and within
populations (Table 3).



Table 2Results of exact tests (above the diagonal line) and pairwisgrfvalues and their
significance (below the diagonal line) based on ITS + 5.8S + D1/D2 sequences of
Sebacina epigaeand S. incrustans

S. epigaea S. incrustans
(@ eLl eL2 eL3 iL1 iL2 iL3
eLl *%% * |L1 *%k% *k%
eL2 0.78** iL2 0.80*** il
eL3 0.71* 0.85 iL3 0.85*** (0.91***
(b) BA WA EA NV HO BA WA EA NV HO
BA *%% *%k% *% BA *%k% *%k% *%
WA 0.14* i * WA 0.81***
EA 0.55%* (Q.74** * EA 0.50*** 0.07 *
NV 0.21* 0.36**  0.61* NV 0.36 0.41* 0.11
HO 0.78*** (0.87* 0.99 0.63 HO 0.98** 0.51 0.32 0.53

(a) Between pairs of lineages (L), (b) between pairs of c¢mleareas, that are coded as
follows: BA = Bavarian AlpsWA = Western Swabian AllEA = Eastern Swabian AllNV =
Neckar Valley,HO = Hohenlohe. Significant exact tests ang ¥alues are indicated with
asterisks: P < 0.05, *P < 0.01, ** P < 0.001.

Table 3Summary of analyses of molecular variance (AMOVA) based on ITS + 5.8S +
D1/D2 haplotype sequences @ebacina epigaeand S. incrustans

S. epigaea S. incrustans
Scenario AG WG WP AG WG WP
(i) Geographic distribution 2.051.4151.2937.93 3.4858.59
North [HO] vs. center [NV,WA,EA] vs. south [BA]
(i) Geographic barrier 51.387.0153.7311.67 47.8063.87
North [NV,WA EA,HO] vs. south of the Swabian Alb
[BA]

Two grouping scenarios were tested (see Methods). Samplingaseeesded as follow8A

= Bavarian Alps,WA = Western Swabian AlItEA = Eastern Swabian AlB\V = Neckar
Valley, HO = HohenloheAG = Percentage of total variance among groWyG,= Percentage
of total variance among populations within grold? = Percentage of total variance within
populations.

Morphological and ecological traits

Main morphological and ecological traits analysed from both morpb@spare summarized
as follows (see Figures 6,7,8,9 and Additional file 6):

Figure 6 Basidioma morphology of Sebacina epigaealLl (TUB 019821).(a) Fresh
specimen. If) Dried specimen. Longitudinal section through a basidiomjaT(ama. ¢)
Hymenium with resting spores)(Basidiospores. Bar = 10m.

Figure 7 Basidioma morphology of Sebacina incrustandL1l (TUB 019608). (a) Fresh
specimen. If) Dried specimen. Longitudinal section through a basidiomjaT(ama. ¢)
Hymenium. €) Basidiospores. Bar = 10n.




Figure 8 Basidioma morphology of Sebacina incrustandlL2 (TUB 019641). (a) Fresh
specimen. If) Dried specimen. Longitudinal section through a basidiomjaT(@ama. ¢)
Hymenium. €) Basidiospores. Bar = 10m.

Figure 9 Basidioma morphology of Sebacina incrustandL3 (TUB 019648). (a) Fresh
specimen. If) Dried specimen. Longitudinal section through a basidiomjaT(@ama. ¢)
Hymenium. €) Basidiospores. Bar = 10m.

i. Habitat and habit of basidiomata Population samples withfBebacina epigaeshowed
low phenotypic variation, whereas population§inncrustanglisplayed high levels of
basidiomata plasticity that often were linked with the substrate on which thiey we
growing and their age. BasidiomataSfepigaeagrowing on naked soil with vertical
exposure and on litter produced thin to 2 mm thick basidiomata of gelatinous consistency,
which are smooth or meruloid and which often became translucent. Basidior8ata of
incrustansgrowing on diverse plant substrates are resupinate, up to 3 mm thick, smooth
and cartilaginous, whereas those on naked soil have a habit reminisSeepigaea

il. Colour of fresh and dried basidiomata Fresh basidiomata &. epigaeare uniformly
gray and opalescent. Old and dried basidiomag epigaedecome membranous and
brownish or greyish, and were often hard to see on the substrate. Both fresh and dried
basidiomata irS. incrustanshat grow on herbaceous substrates are typically whitish to
cream or ochraceous; but the basidiomata that grow directly on naked soil have a colour
similar toS. epigaeabut become yellow after drying.

iii. Microscopic characteristics There was no variation in microscopic characteristics
among populations withi8. epigaealLl1 (eL2 and eL3 containing only each one sample
were not microscopically analysed).3nincrustanshowever, there was some
differentiation of certain microscopic features, for example, walkti@ss of the trama
hyphae and the size of the basidia and basidiospores.

iv. Ecology Basidiomata of both morphological species were mainly collected fromdores
with trees in the families Fagace&afus sylvaticaQuercus robuy and Pinaceaéi\pies
alba, Larix decidua Picea abies, Pinus sylvesfridut some in vegetation with Betulac:
(Carpinus betulusCorylus avellanaand Salicacea&élix appendiculafa Within S.
epigaeagelLl and eL3 seem to be rather restrictedibea abiesand eL2 occurred in a
forest composed of frondose tre€a(pinus betulusCorylus avellana, Fagus sylvatica,
Quercus robuy.

Additional aspects of morphology, ecology and phylogenetic diyessihin S. epigaeand
S. incrustansre described and discussed in Additional file 7.

Discussion

Intraspecific genetic variability at the regional <ale

Although our sampling area was rather geographically resiriave found high levels of
genetic diversity withirSebacina epigaeandS. incrustansnorphospecies, in contrast with
the findings of Nilssoret al.[16]. There were two major factors that can explain sombeof t
genetic diversity: (i) recombination events and (ii) high freqyeof synonymous mutations.
The first factor was detected previously by Vandenkoornheysal. [17] for arbuscular
mycorrhizal fungi, and could explain the high sequence diversity found iif $heegions of
environmental samples in Sebacinales e.g. [11]. The high number oflieation events



detected in this study, particularly between populatiorfs. iapigaeasuggests that sexuality
has an influence on the patterns of genetic divesity and spec#ta regional geographic
scale. However, because both morphological species are obligaterihzal formers and
cannot be grown in axenic culture, mating experiments are noblgsand therefore we
cannot determine whether or not they represent the same oenliffeological species. The
second factor of DNA variation comprised ~95% of the observed Pbigmorphisms in
RPB2 and ~60% in the ATP6 sequences, and was driven by negatitesetewhich rare,
deleterious alleles are removed from a population. The evolutiorganjicance of this type
of selection is still not well understood, but there is an indicatiah $ome synonymous
polymorphisms are involved in functional roles [18]. We hypothesise ithatspecific
genetic variation provide Sebacinales symbionts the opportunity tot ggaotypes that
adapt more rapidly, e.g. those that are physiologically adapted to envirohhetetageneity
and/or host availability [19]. The total genetic variation of our datavever, cannot be
completely explained by the evolutionary processes discussed above.

Gene genealogies revealed three genetic divergent lineagiei® wach morphospecies;
interestingly, some of them were detected within the sameessparated by only a few
centimeters. We suggest that these patterns of geographit@butisn are driven by
environmental discontinuities and/or heterogeneity in resourcesggested by Grytat al.
[20]. However, further study is necessary to determine if higivgrgent co-occurring
lineages withinSebacina epigaeand S. incrustanshave evolved in sympatry or whether
current patterns of geographic distribution are rather the result of regestsdisevents.

The ITS + 5.8S + D1/D2 regions contain significant polymorphisnisntiag resolve lower

and higher relationships across the Sebacinales, even after rgmestrmbinant segments.
In particular, the ITS region was useful for discriminatingoag populations and we
therefore propose it as a potentially useful DNA segment for barcoding inlibeiissdes.

Concordance of nuclear and mitochondrial genealogse

Unlike other fungus taxa that have been affected by natural recatiabi (see, for example,
[5,21,22]), topologies of the genealogies inferred from two nucleaonsdiTS + 5.8S +
D1/D2 and RPB2) and one mitochondrial region (ATP6) clearly idedtifieee distinctive
lineages in both th&ebacina epigaeand S. incrustansmorphospecies, and these were
significantly concordant. The concordance between nucDNA and mtDlfesee data may
indicate either complete lineage sorting or an ancient diversification [23,24]

Circumscribing major lineages

Surprisingly, both morphological species displayed relatively simil@age/haplotype
structures: a frequent and more widely distributed lineage andrvadl lineagesSebacina
epigaeaell included population samples from Estonia &hdincrustansiLl included
population samples from Austria and Denmark. Sampling bias is a ossilnation for
the presence of small, distinct lineages (eL2, iL2, eL3 and iL3)dges/cryptic species
within S. epigaeaeems to have involved large evolutionary divergence accompanied by only
a few changes in morphology and microscopic characteristicslatkeof morphological
innovations among the populations analysed could suggest that diversifioatydoe driven
by ecological opportunities offered by the availability of new habitad#oa host plants. Host
specialisation and host switches have been considered to be imponarg thi speciation
[21]. However, in this study, no obvious indication of substrate and hosaksgeton could



be detected in circumscribing the major lineages (Figured@jtidnal file 6). Because most
of the collection sites had more than one potential host tree for m{fhaspecies, further

study focusing on the molecular analysis of ectomycorrhizaltig®tshould allow us to find

a link between mycobionts and host tree(s)S.Imncrustanspopulations exhibited enormous
plasticity in basidioma habit, which was linked with the type udfssrate upon which they
were formed. Such variation was observed even within the same haplotype.

Nuclear and mitochondrial data showed evidence of gene flow between poulaithin
major lineages is. epigaeandsS. incrustansnorphospecies. We did not find evidence of an
isolation-by-distance model for population structure. The Swabian Alg doke seem to
represent a geographical barrier for wind or animal dispersaddition, anthropogenic
dispersal of spores and/or mycelia contained in the soil and rootsdsimoul be
underestimated as means of dispersal. An important putative iscepatd be that these
mycobionts have acquired their current geographical distribution throughsese planting

of Picea abiesacross Europe.

The type specimens &ebacina epigaeandS. incrustansare more than 150 years old and
catalogued as historical collections; therefore it is not pestbstudy the material or extract
DNA from the basidiomata. Genealogies inferred from nucDNAmtidNA genes strongly
support divergent lineages within these morphospecies. However, congidiee low
morphological differentiation within and between lineages, we sugdedt dampling
specifically from the type localities in France and GredataB of these species would
increase the probability of more accurately defining each lineéagespect to its type
specimen.

Conclusions

Our results indicate that the high intraspecific genetic diyersithin the morphospecies
Sebacina epigaea and S. incrustans is mainly the outcomeuodlna@combination events
and synonymous mutations. Phylogenetic and demographic inferencesdicdear and

mitochondrial loci support the division of each morphological speciestimée distinct

phylogenetic lineages, which seem to have evolved independentlyidag dime. None of

these putative cryptic species appears to be linked to geogilapmmaenance, host
preference or morphological innovations. However, future studies cangelaenetic

diversity across lineages with differences in ecological sichey help us to better
understand the factors shaping speciation in these morphological species.

Methods

Population sampling

Basidiomata ofSebacina epigaeéBerk. & Broome) Bourdot & Galzin an8. incrustans
(Pers.) Tul. were collected in Southern Germany from August tob®c 2010 and 2011
from plots in diverse forest stands that were between 20 km and 2%pdrnfrom each
other (Figure 1). Collection areas are categorised as folldysthe Bavarian Alps (BA)
included five sites separated from each other by a few hundredsit®®0 km. Site BAl is

a pure montan®icea abieslantation with a northern exposure. BA2, BA3 and BA4 sites
are dominated by montane mixed forests composed maiily aiies Site BAS is aFagus
dominated mixed forest on a lakeside, separated by 20 km fromntlaénneg BA sites. (2)



The Western Swabian Alb (WA) included three sites, each segdaté km, comprising a
submontane slope with mixed forests dominated-agus sylvaticawith a south-western
exposure (WA1) and an eastern exposure (WA3). Site WA2 is aaplat@minated by old
specimens of\bies alba (3) The Eastern Swabian Alb (EA) included two sites (EA1 and
EA2) in a planar landscape separated by 1 km. Both sites conted forests dominated by
old trees offFagus sylvatica(4) The Neckar Valley (NV) included six sites separated by a
few hundred meters to 30-10 km. Sites NV1, NV2 and NV3 comprise noxest fseparated
from each other by 200 m (NV1 is located on a small riparian.l&#s NV4 and NV5
correspond to a plantation Bicea abiesand the sampling plots were separated by 2 km.
Site NV6 represents a coniferous forest dominate®ibys sylvestris(5) Hohenlohe (HO)
included two sites separated by 50 m within a mixed forest dordibgi€arpinus betulusn

a moist basin.

For each collection site, details such as the location, altitutbsirate and ectomycorrhizal
plant species nearby were recorded (Additional file 6).

DNA extraction, PCR amplification and sequencing

Total genomic DNA was extracted from dried basidioma fragmesiisg the InnuPREP
Plant DNA Kit (Analytik Jena, Jena, Germany) following thansiard protocol. Fungal
portions contained in Eppendorf tubes were deep-frozen in liquid nitrogememdytound
several times with a sterile plastic pestle.

The internal transcribed spacer (ITS1 and ITS2), 5.8S and D1/Dé@nsegf the nuclear
ribosomal DNA were amplified with the primer combination ITS1F add4 (for
oligonucleotide primer sequences, see Additional file 8). PCRs pafermed in a total
volume of 25 |, containing 5.00 | GC buffer 5x (including 7.5 mM MgG), 15.25 | water,
1.00 | dNTP mix (5 mM), 0.50 | of each primer (25 pmoll), 0.25 | Phusion™ High-
Fidelity DNA Polymerase (Finnzymes Oy, Vantaa, Finland) (2l)land 2.50 | undiluted
DNA. PCR amplification was conducted as follows: 35 cycles of 4098°C, 20 s at 55°C
and 30 s at 72°C, with a final extension of 10 min at 72°C. In the ¢assgative or weak
amplification, PCRs were repeated as follows: 5.00uffer 10x, 0.75 mM MgGI (50 mM),
14.50 | water, 1.00 | dNTP mix (5 mM), 0.50 | of each primer (25 pmoll), 0.25 |
Mangdrag™ DNA Polymerase (Bioline, Luckenwalde, Germany) (2 I}J/and undiluted
2.50 | DNA under the following cycling profiles: 10 cycles of 30 s9drC, 45 s at 60°C
(1°C per cycle), and 75 s at 72°C, followed by 26 cycles of 30%4aC, 45 s at 50°C and
75 s at 72°C, with a final extension of 7 min at 72°C.

The second largest subunit of RNA polymerase Il (RPB2) regiensvas amplified with the
primer combination fRPB2-5 F and bRPB2-7.1R using Phusion DNA Polymaras¢he
PCR conditions indicated above. Subsequently, samples that yielded no owesly
products were amplified with Mangiaq Polymerase and the primer pairs bRPB2-5 F and
bRPB2-7.1R, or sRPB2-5.1F and sRPB2-7R following the thermocycling progsam
Matheny [25].

The mitochondrial adenosine triphosphatase subunit 6 (ATP6) was achplifing the
primer combinations ATP6-3/ATP6-4 or sATP6-3/ATP6-4 and MdiagpPolymerase with
the PCR concentration reactions indicated above and the cyclindeprdéscribed by
Kretzer and Bruns [26].



The presence of PCR products was monitored by 0.7% agaroselg8l\atfor 15 min in 1x
Tris-acetate-EDTA buffer and made visible by ethidium bromidenisty and UV light at
254 nm wavelength. The amplified DNA fragments were purified usirEx@SAP-IT®
reagent (USB Corporation, Cleveland, OH, USA) diluted 1:20 accordingthéo
manufacturer’s instructions. Purified PCR products were cycjaeseed in both directions
with a 1:6 diluted dye terminator sequencing kit (Big Dye 3.1; AgbBiosystems, Foster
City, CA, USA) on an ABI Prism 3130 Genetic Analyzer (Applied Biosystems). The
primers used for DNA sequencing in both directions are listeddutitional file 8. Fungal
vouchers/basidiomata used in this study are deposited in the HerbEwhingense (TUB;
Additional file 6).

Sequence editing, identity and alignments

Forward and reverse sequence fragments were assembled addigidigeSequencher 4.10.1
(Gene Codes Corporation, Ann Arbor, MIl, USA). The ITS + 5.8S + D1/D2 &dE2R
sequences were screened against those available in the GenBankasalatab
(www.ncbi.nlm.nih.gov) using the Basic Local Alignment Search Tool (BLA3T]). ATP6
sequences were analysed with Basidiomycota sequences frombofunpublished data by
SG) because there are no available sequences in GenBank for Sebacinales.

In our study, phylogenetic and demographic population analyses wbrged from
morphological species concepts. We assembled seven datasetds datase 2, containing
63 Sebacina epigaeand 63S. incrustansiITS + 5.8S + D1/D2 sequences which were
automatically aligned using MAFFT 6.815b under the E-INS-i allgori[28] and POA 2
[29]; datasets 3 and 4, including 8S. (epigaepand 78 §. incrustans RPB2 (exon 6)
sequences aligned with MAFFT; datasets 5 and 6, comprising.1ép{gaepand 42 §.
incrustang ATP6 sequences aligned using MAFFT; and dataset 7, containing oufT&w
haplotype sequences of both species, and those from GenBank and LBO|TPEdtasets
containing sequences obtained fr&ebacinabasidiomata and ectomycorrhizae from Europe
were aligned using MAFFT und POA. For datasets 1, 2 and 7, seleati the most
consistent alignments (MAFFT) was performed using trimAl 34.[Nucleotide alignments
from datasets 3 to 6 were improved manually from amino acid coehlpuresces in Se-Al
2.0al1 Carbon [32].

The DNA sequences (original datasets including heterozygous seguagsed in this study
have been submitted to GenBank (accession numbers JQ665465-JQ665564 for ITi®] 5.8S a
D1/D2; JQ665565-JQ665657 for RPB2 exon 6; and JQ665658-JQ665710 for ATP6).
Alignments are deposited at TreeBase under submission ID S13159.

Haplotype reconstruction, detecting recombination ad selection pressure

Because all sequences are derived from dikaryotic (n + n}tasplave used PHASE 2.1
[33,34] as implemented in DnaSP 5.10.01 [35] using the Markov Chain Morite dpéion
followed by 1000 iterations under a hybrid model to infer haplotype phas®s. haplotype
sequences within each species, we removed indels and excluded-sifeitelations using
Map as implemented in SNAP Workbench 2.0 [36,37]. Population recombination persame
were estimated following the method of Hudson and Kaplan [38] based anitimraum
number of recombination events in a samgRy)(using DnaSP and RecMin [39] as
implemented in SNAP Workbench. The significance of tiyeeRtimation was calculated by
performing 10,000 coalescent simulations [40] in DnaSP. Estimationtheofselection



pressure on coding sequences were based on thdN/dS ratio by comparing the rates of
non-synonymous and synonymous mutations. We calculatatios using the Synonymous
Non-synonymous Analysis Program (SNAP) [41].

Phylogenetic relationships, congruence among genéyjogenies, neutrality
tests and demographic structure analyses

Maximum likelihood analysis with combined rapid bootstrapping under tHRGAT model
was computed from 1000 runs with RAXML 7.0.4 [42,43]. The phylogenetis tneze
midpoint rooted using FigTree 1.3.1 [44].

Conflicting phylogenetic signals of the different datasetsewehecked using a partition
homogeneity test/incongruence length difference (ILD) test §&5mplemented in PAUP*
[46]. The number of ILD replicates was set to 1000, setting ongérereplicate and branch
swapping with tree bisection—reconnection (TBR). In order to tetteiftopologies of the
different analyses and datasets were significantly diffesentised the maximum parsimony
based Shimodaira-Hasegawa (SH) test as implemented in PAWR,1%)0 replicates with
TBR swapping.

DnaSP was used to calculate the standard indices of population git@rgach lineage and
sampling area. To detect departures from a constant populatiamsieethe neutral model,
Tajima’s D [47], and Fu’'s and Li's D* and F* [48] statistics weralculated using Arlequin
3.5.1.2 [49]. The significance of these values was obtained in neutiesity with 1000
permutations.

Intraspecific gene genealogies were inferred using theamgdining [50] and statistical
parsimony networks. Haplotype genealogies were constructed usetgom 4.6.1
(www.fluxus-engineering.com) with the parameter 10 and the ‘MP’ option to identify and
eliminate unnecessary median vectors and links [51]. Network graparesgenerated using
Network Publisher 1.3 (www.fluxus-engineering.com). Analyses of tgeferentiation
among species using a 95% parsimony limit reconstruction ioritdb2] suggest that
biological species often form unconnected parsimony networks. Basedthese
measurements, we reconstructed a parsimony network of hapletithes 95% connection
probability limit using TCS 1.21 [53]. These analyses were run depafar sequences with
and without recombination blocks. To examine the amount of genetic strugtbne and
among population groupings, hierarchical analyses of molecular va(iahic@VA; [54-56])
were conducted in Arlequin. For this purpose, we tested two hypothetieakarios: (i)
differentiation explained by geographic distribution: North (HO) vent@l (WA, EA, NV)
vs. South (BA) (scenario 1); and (ii) differentiation between populatsaparated by a
geographic barrier. For this, we compared populations from the noitie dwabian Alb
(WA, EA, NV, HO) vs. those south of the Swabian Alb (BA) (scan@). To search for
genetic differentiation between population samples and major liseageact tests of
population differentiation [57] andsk values were computed in Arlequin. The significance
of these estimators was assessed using 1000 permutations. Furthewaoexamined
whether a correlation existed between genetig) (&nd geographic distance matrices with a
Mantel test using zt 1.1 [58].



Light microscopy

The microscopic structures of the basidiomata were analygbdavlight microscope using
standard procedures. Microscopic structures were analysed frechgjréecimens using 3%
KOH and stained with aqueous 1% phloxine. Measurements of basidiogpcresl) are
given as length and width, uncommon extreme values appear in brackeidiogore
length/width quotient (Q), mean and standard deviation were calculated.
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Additional file 1 Genetic variation based on 85 non-recombining RPB2 sequences of
Sebacina epigaeddaplotypes (H) are defined from ITS + 5.8S + D1/D2 dataset, additional
haplotypes found in the RPB2 are encoded with letters and heterozygous sequesrtusiedare
with a and b. (a) Maximum likelihood phylogenetic tree. The tree topology was caanput
from 1000 runs and was midpoint rooted. Bootstrap supports (>50%) are shown for each
node. Substrate types for the basidiomata are mapped on the topology. eL1 to edehtrepre
major lineages. (b) Median-joining network. Circle sizes are proportional totizael
frequency and connecting lines are proportional to mutation events between haplotypes
(numbers of mutated positions are given for all except one mutation). Colours indicate
geographical areas where the basidiomata were collected. (c) Sthpat&imony network.
Parsimony probabilities were set at 95%. Sizes of circular and recaagehs are
proportional to the number of individuals with that haplotype. Ectomycorrhizal trekefami
co-occurring in sampling sites are abbreviated as follows: B = BetelaeeaFagaceae, P =
Pinaceae, S = Salicaceae.
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Additional file 2 Genetic variation based on 9 non-recombining ATP6 sequences of
Sebacina epigaeddaplotypes (H) are defined from ITS + 5.8S + D1/D2 dataset. (a)
Maximum likelihood phylogenetic tree. The tree topology was computed from 1000nains a
midpoint rooted. Bootstrap supports (>50%) are shown for each node. Substrate types for the
basidiomata are mapped on the topology. eL1 and eL3 represent main lineagesligh) Me
joining network. Circle sizes are proportional to haplotype frequency and connectmgie
proportional to mutation events between haplotypes (numbers of mutated positionsrare give
for all except one mutation). Colours indicate geographical areas where itherbata were
collected. (c) Statistical parsimony network. Parsimony probabilitege set at 95%. Sizes

of circular and rectangular areas are proportional to the number of individualhatit
haplotype. Ectomycorrhizal tree families co-occurring in sampling aieabbreviated as
follows: B = Betulaceae, F = Fagaceae, P = Pinaceae.

Additional_file_3 as PDF

Additional file 3 Genetic variation based on 78 non-recombining RPB2 sequences of
Sebacina incrustan$laplotypes (H) are defined from ITS + 5.8S + D1/D2 dataset, additional
haplotypes found in the RPB2 are encoded with letters and heterozygous sequertzisiare ¢
with a and b. (a) Maximum likelihood phylogenetic tree. The tree topology was caanput
from 1000 runs and was midpoint rooted. Bootstrap supports (>50%) are shown for each
node. Substrate types for the basidiomata are mapped on the topology. iL1 to iL&ntepres
main lineages. (b) Median-joining network. Circle sizes are proportional to haplotype
frequency and connecting lines are proportional to mutation events between haplotypes
(numbers of mutated positions are given except for all one mutation). Colours indicate



geographical areas where the basidiomata were collected. (c) Sthpatgimony network.
Parsimony probabilities were set at 95%. Sizes of circular and recaagehs are
proportional to the number of individuals with that haplotype. Distributions of
ectomycorrhizal tree families co-occurring in sampling sites aresatalbed as follows: B =
Betulaceae, F = Fagaceae, P = Pinaceae.
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Additional file 4 Genetic variation based on 42 non-recombining ATP6 sequences of
Sebacina incrustanga) Haplotypes (H) are defined from ITS + 5.8S + D1/D2 dataset and
additional haplotypes found in ATP6 are encoded with apostrophes. Maximum likelihood
phylogenetic tree. The tree topology was computed from 1000 runs and midpoint rooted.
Bootstrap supports (>50%) are shown for each node. Substrate types for the basigiemat
mapped on the topology. iL1 to iL3 represent main lineages. (b) Median-joining network.
Circle sizes are proportional to haplotype frequency and connecting lingopogtional to
mutation events between haplotypes (numbers of mutated positions are giveexoejall
one mutation). Colours indicate geographical areas where the basidioenateolected. (c)
Statistical parsimony network. Parsimony probabilities were set at 92&6. & circular and
rectangular areas are proportional to the number of individuals with that hpagloty
Ectomycorrhizal tree families co-occurring in sampling siteabbzeviated as follows: B =
Betulaceae, F = Fagaceae, P = Pinaceae.
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Additional file 5 Genetic variation of ITS + 5.8S + D1/D2 haplotype sequences inferred
from comp