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Plant phylogeny constrains orchid mycorrhizal (OrM) fungal community composition in some orchids. Here, we investigated
the structures of the OrM fungal communities of eight Dendrobium species in one niche to determine whether similarities in the
OrM fungal communities correlated with the phylogeny of the host plants and whether the Dendrobium-OrM fungal interactions
are phylogenetically conserved. A phylogeny based on DNA data was constructed for the eight coexisting Dendrobium species,
and the OrM fungal communities were characterized by their roots. There were 31 different fungal lineages associated with
the eight Dendrobium species. In total, 82.98% of the identified associations belonging to Tulasnellaceae, and a smaller
proportion involved members of the unknown Basidiomycota (9.67%). Community analyses revealed that phylogenetically
related Dendrobium tended to interact with a similar set of Tulasnellaceae fungi. The interactions between Dendrobium and
Tulasnellaceae fungi were significantly influenced by the phylogenetic relationships among the Dendrobium species. Our results
provide evidence that the mycorrhizal specificity in the eight coexisting Dendrobium species was phylogenetically conserved.
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INTRODUCTION tion in the face of increasing commercial demand, many or-

Orchidaceae is a large plant family, with more than 26,000
species, that contributes greatly to tropical biodiversity. Most
orchid species depend on interactions with mycorrhizal fungi
for seed germination and subsequent seedling development
because of the tiny size and lack of carbohydrate reserves
in seeds (Rasmussen, 2002; Smith and Read, 2008). Some
adult photosynthetic orchid species still heterotrophically ob-
tain part of their carbon resources through mycorrhizal fungi
(Bidartondo et al., 2004). In recent decades, because of hu-
man-induced habitat loss and the lack of effective protec-
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chid species have suffered dramatic declines in distribution
and have become rare and endangered (Fu, 1992; Swarts and
Dixon, 2009). Fully understanding the mycorrhizal symbio-
sis associated with orchids is necessary and important for or-
chid propagation, reintroduction and conservation (Brundrett,
2007; Dearnaley et al., 2012).

Mycorrhizal fungi are increasingly recognized as important
biological factors influencing orchid distribution and abun-
dance, and they have been linked to the niche partitioning
of orchid species (Jacquemyn et al., 2012; Jacquemyn et al.,
2014). Orchids may be more dependent on the symbiosis than
their fungal partner, and the appropriate fungi is a main de-
terminant for orchid recruitment (Rasmussen and Rasmussen,
2009; Jacquemyn et al., 2014; Rasmussen et al., 2015; Waud
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et al., 2016). However, in the mutualistic relationship be-
tween the orchid and mycorrhizal fungi, it is difficult to ex-
plain the mutual selection. Unlike the arbuscular mycorrhizal
(AM) fungi, orchid mycorrhizal (OrM) fungi can grow with-
out orchids and are probably independently distributed. Most
photosynthetic orchids are not limited to one certain fungal
partner at a time (Tupac Otero et al., 2002; McCormick et
al., 2004; Shefferson et al., 2008; Jacquemyn et al., 2010;
Jacquemyn et al., 2012). Thus, more than one fungus inter-
acts with an individual orchid plant, and multiple host plants
can tap into a mycorrhizal network (Jacquemyn et al., 2015),
making it difficult to understand the mechanisms of partner
selection in the symbiont’s establishment.

In recent years, phylogenetic signals have been found in
mutualistic and antagonistic host associations, indicating that
there is a tendency for close relatives to resemble each other
more closely in their characteristics than expected by chance
(Wiens et al., 2010). Phylogenetic signals have been ob-
served both in antagonistic interactions, such as those of in-
sect herbivores (Weiblen et al., 2006) and plant pathogens
(Gilbert and Webb, 2007), and in mutualistic interactions,
such as those of AM (Wang and Qiu, 2006; Reinhart et al.,
2012). In OrM, the diversified mycorrhizal fungi with which
an orchid species can associate tend to be phylogenetically re-
lated (Shefferson et al., 2010; Jacquemyn et al., 2011; Martos
et al., 2012). Phylogenetic conservation in the mycorrhizal
symbiont has been well addressed. However, phylogenetic
conservatism in plant-OrM fungal interactions in other orchid
genera remain largely unexplored.

To gain better insights into fungal partner selection in the
evolution of orchid species, we investigated the mycorrhizal
association in the genus Dendrobium, which is a large genus
of tropical epiphytic orchids. Some species in Dendrobium
are used as traditional Chinese herbs, such as D. officinale, D.
fimbriatum, D. nobile and D. chrysanthum. At present, many
Dendrobium species across China are in danger of extinc-
tion. Dendrobium species are distributed throughout many
provinces in southern China; however, under geographic iso-
lation or in different ecological niches, genetic drift or eco-
logical adaptation, respectively, could affect the mycorrhizal
fungal community composition in orchids. To eliminate the
effects of these factors, we focused our research on one niche.
Here, we collected eight Dendrobium species from one niche
in Xishuangbanna, Yunnan Province, China. Our specific
aims were to address the following: (i) whether mycorrhizal
fungal communities differed among these coexisting Dendro-
bium species; and (i1) whether mycorrhizal fungal communi-
ties associated with the Dendrobium species were phyloge-
netically conserved.

RESULTS

We observed signs of OrM colonization in all of the plants
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investigated. Over 1,100 high-quality internal transcribed
spacer (ITS) sequences were obtained and most corresponded
to basidiomycete sequences. Based on a 97% similarity
sequence cut-off value, 31 different basidiomycete OTUs
were distinguished. According to a BLAST algorithm-based
analysis, 22 OTUs (OTU 1-22) were associated with mem-
bers of the Tulasnellaceae family. Additionally, two OTUs
(OTU 30 and 31) belonged to Sebacinaceae. OTUs 23 and
24, and OTUs 25 and 26, were related to the Auriculariales
and Atractiellales, respectively. Three OTUs (OTU 27-29)
of unknown Basidiomycota were also detected (Table 1).
Among these fungal OTUs, only four, OTU1, OTU3, OTUS
and OTU18, were shared by two to four Dendrobium species.
Representative sequences for each OTU were deposited in
GenBank (accession numbers KX587473-KX587503).

The basidiomycete community associated with Den-
drobium species consisted predominantly of fungal OTUs
related to Tulasnellaceae (82.98%) and, to a lesser extent, to
unknown Basidiomycota (9.67%). OTUs related to Sebaci-
naceae, which are known to associate with orchids, and other
fungal families were only occasionally detected (Figure 1).

For each Dendrobium species, the number of associated
fungal OTUs varied between one and seven. Four species,
D. nobile, D. fimbriatum, D. chrysotoxum and D. exile, were
associated with at least five fungal OTUs (Table 1). The
maximum number of Tulasnellaceae OTUs was associated
with D. nobile, while the minimum was associated with D.
salaccense and D. exile. The non-metric multidimensional
scaling clearly separated the Tulasnellaceae fungal commu-
nities in these Dendrobium species, except for those of D.

fimbriatum and D. salaccense, which overlapped (Figure 2).

Tulasnellaceae members are the predominant species associ-
ated with all of the Dendrobium species, except for D. exile,
and their relative abundance levels varied between 61% and
100% (Figure S1 in Supporting Information). Fungal com-
munities in four species, D. nobile, D. cariniferum, D. salac-
cense and D. strongylanthum, were only composed of Tulas-
nellaceae members (Figure S1 in Supporting Information).
Unlike other Dendrobium species, the dominant OrM fun-
gal species in D. exile were unknown Basidiomycota (relative
abundance, 81%), and only one Tulasnellaceae OTU (relative
abundance, 15%) was detected (Figure S1 in Supporting In-
formation).

When the similarity level of the Tulasnellaceae OTUs
associated with each Dendrobium species was examined, a
simple Mantel test showed a marginally significant positive
correlation between the phylogenetic and ecological distance
matrices of the Dendrobium species (r=0.3896, P=0.0522).
However, when differences in the number of interactions
per Dendrobium species was controlled by performing a
partial Mantel test, this positive correlation became signifi-
cant (r=0.3617, P=0.0339), indicating that phylogenetically
related Dendrobium species tend to interact with a similar
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Tablbe 1) List of fungal operational taxonomic units (OTUs) identified using cloning techniques, and the relative abundance of each OTU in the Dendrobium
species®
Phylogenetic relationship Dendrobium species

oty A;S::;::rm 2?;?;?;:;10 Clo?:i:;?;gitgﬁ L?lggzgank Identity S-value nobi aphy fimb sala chry exil stro cari
OTUl KX587473  Tulasnellaceae g:;‘;g:ﬂ‘;‘ieae (KES74228) 100% 1162 -

OTU2 KX587474  Tulasnellaceac gg’{jggg%f el 9% 950

OTU3 KX587475  Tulasnellaceae {g{?f’égﬁi’gf’“ﬁm 97% 1122

OTU4 KX587476  Tulasnellaceae gﬁ;‘;ﬁgﬁi‘im (10994399) 99% 1009

OTUS  KX587477 Tulasnellaceae Tulasnella sp.(AY373281) 98% 1110

OTU6 KX587478  Tulasnellaceae (U};’ﬁ‘zlg’ggfgf’”‘””e”“ 96% 1033

OTU7 KX587479  Tulasnellaceac  Epulorhiza sp.(KU296050)  99% 1038

OTU8 KX587480  Tulasnellaceae (TG”STZZZ?;)"IOSP‘”" 98% 1155

OTU9 KX587481  Tulasnellaceae 8;1;9“9123%)T“1me“a“ae 97% 1038 -
OTUI0 KX587482  Tulasnellaceac %‘égﬁ‘l‘;?z?“]asne”aceae 93% 939

OTUIl KX587483  Tulasnellaceac %‘5‘;&‘1‘%2;“1&““&‘“” 94% 957

OTUI2 KX587484  Tulasncllaceac %‘é‘;ﬁ‘;;%iz?“]asne“aceae 99% 1131

OTUI3 KX587485  Tulasnellaceae ggg‘élfjf)%‘f“lasne“aceae 99% 791

OTUI4 KX587486  Tulasnellaceae é’j{j‘f’ggﬁ‘l’;;’eg’”“m 97% 1038

OTUI5 KX587487  Tulasnellaceae %g‘;g‘;zsz‘)T“lasne”aceae 87% 699

OTU16 KX587488  Tulasnellaceae %5‘;2‘;269‘14?“1”“‘3““3“ 90% 809 -
OTU17 KX587489  Tulasnellaceac }gggg‘;‘;d@T“lasne”“eae 90% 904 -

OTUI8 KX587490  Tulasnellaceac ggé“;g“zrfg)Tulame“mae 99% 1175 -

OTU19 KX587491  Tulasnellaceac 8;‘;“;;‘;%Tu}asnenaceae 95% 1075

OTU20 KX587492  Tulasnellaceae E;C;glg‘gg‘li)T‘ﬂasneuaceae 91% 798

OTU21 KX587493  Tulasnellaceae {D“é’g’;f)g‘;;)""le" 86% 638

OTU22 KX587494  Tulasnellaceae g;zugg‘ggf)T‘ﬂasnenaceae 80% 433

OTU23 KX587495  Auriculariales gggglfggi‘i)p‘“riculariales 93% 739

OTU24 KX587496  Auriculariales ggcg‘;‘ggf)‘*“ricularial“ 92% 889

OTU25 KX587497  Atractiellales %‘Ggl;‘ggzdoftmﬁeuales 82% 520

OTU26 KX587498  Atractiellales %‘G‘é‘;‘;rsegdoﬁ“a"ﬁe”ales 85% 601

OTU27 KX587499  Basidiomycota %‘Gglggr;fs?aﬁdi"mycma 94% 970

OTU28 KX587500  Basidiomycota g;cguglg‘;seg)BaSidi"myc"ta 86% 702

OTU29 KX587501  Basidiomycota 3;‘("9“;;”;;’2)}3““101“”“3 95% 981

OTU30 KX587502  Sebacinales gigufgf:g)sebacma 91% 854

OTU31 KX587503  Sebacinales Uncultured 99% 1223

Sebacinaceae (KF574233)

a) Fungi were grouped into OTUs based on a 97% internal transcribed spacer sequence similarity. Tulasnellaceac OTUs are marked in grey. Relative abund-

ance (%): >80 m; 50-80 m; 30-50

; 10-30

;<10

exil, D. exile; stro, D. strongylanthum;, cari, D. cariniferum.

. nobi, D. nobile; aphy, D. aphyllum; fimb, D. fimbriatum; sala, D. salaccense; chry, D. chrysotoxum;
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Figure 1 Frequency distribution of fungal taxa associated with eight
species of the genus Dendrobium.
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Figure 2 A nonmetric multidimensional scaling (NMDS) plot of mycor-
rhizal fungi associated with the eight Dendrobium species.

set of Tulasnellaceae OTUs.

To further understand which phylogeny influenced the
Dendrobium-Tulasnellaceae interactions, we incorporated
the identities of the interacting taxa into the network (Figure
3).  We measured a moderate but significant phyloge-
netic signal on the Dendrobium phylogeny, both when
considering the maximum likelihood (ML) phylogeny
(dp=0.3763;95% CI1=0.1321-0.8503)and when considering
the Bayesian relaxed clock (BRC) phylogeny (dp=0.2748;
95% CI1=0.0152-0.7568). The phylogenetic signal of the
Tulasnellaceae phylogenies was close to zero and not signif-
icant: for the ML tree, dr=0.01786(95% CI=0-0.0655)and
for the BRC tree, dr=0.01218(95% CI=0-0.0688). The over-
all strength of the phylogenetic signal for the linear model
that fit the actual data (MSE,=0.0656 and MSE,;=0.0615 for
the ML and BRC tree sets, respectively) was closer to that
found under the assumption of no phylogenetic covariances
(MSE of the star phylogeny=0.0202) than for the assump-
tion of maximum phylogenetic signal (MSE,=0.1716 and
MSE,=0.1717 for the ML and BRC tree sets, respectively).
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Thus, only the phylogenetic relationships among the Den-
drobium species, not among the Tulasnellaceae fungi, drive
the interaction structure.

DISCUSSION

Mycorrhizal diversity and specificity of Dendrobium
species

The diversity of fungal symbionts associated with Dendro-
bium species was determined in this research. Among the
eight Dendrobium species, Tulasnellaceae were associated
with all of the plant species, and were the dominant fungal
symbionts in seven species. These findings corroborate that
the dominate fungi associated with Dendrobium plants belong
to Tulasnellaceae (Xing et al., 2013). The Tulasnellaceae
family maintains important associates with terrestrial orchids
worldwide (McCormick et al., 2004; Shefferson et al., 2008;
Jacquemyn et al., 2011, Jacquemyn et al., 2015; Bailarote et
al., 2012). In addition to Tulasnellaceae fungi, Ceratobasidi-
aceae and Sebacinales fungi also associate with many orchid
species. For example, the Orchis species is predominantly
associated with Ceratobasidiaceae (Jacquemyn et al., 2015).
However, in this research, Sebacinaceae fungi were only de-
tected sporadically.

Mycorrhizal specificity includes both the number of fungal
species that a plant can be associated with and the phylo-
genetic breadth of the symbionts (McCormick et al., 2004;
Shefferson et al., 2007). This has been an important issue in
OrM ecology because specific fungi may be needed for the
promotion of seed germination and for ecological population
restoration purposes. Among the 22 Tulasnellaceae OTUs
detected in this research, 18 were only found to be associ-
ated with one Dendrobium species, while four others were
associated with two to four Dendrobium species. Thus, most
of the Tulasnellaceae fungi are of high host specificity and
this supports the hypothesis that different fungal partners are
needed for different orchid species to survive (McCormick
and Jacquemyn, 2014). While the Dendrobium species
showed a low specificity towards mycorrhizal fungi, almost
all Dendrobium species were associated with at least two
Tulasnellaceae OTUs, except for D. exile, which was asso-
ciated with one specific Tulasnellaceac OTU. One orchid
plant can have a symbiotic relationship with more than one
fungal partner at the same time, as reported in many orchid
species (Tupac Otero et al., 2002; McCormick et al., 2004;
Shefferson et al., 2008; Jacquemyn et al., 2010; Martos et
al., 2012).

Phylogenetic conservatism in the Dendrobium-Tulasnel-
laceae interactions

Phylogenetic conservatism has been detected in mutualist and
host interactions, such as those of AM and ectomycorrhizae
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Figure 3 Network of Dendrobium-Tulasnellaceae interactions. Lines represent pairwise interactions. Maximum clade credibility trees from Bayesian relaxed
clock analyses are shown for Dendrobium and Tulasnellaceae. Branch support values (=70) above the branches are maximum likelihood nonparametric boot-

strap percentages.

(Reinhart et al., 2012; Tedersoo et al., 2013), indicating
the tendency for related host plant species to have more
similar interactions with mycorrhizae than expected by
chance. However, some findings in AM symbiosis contradict
this view, suggesting that closely related plants host more
dissimilar AM fungal communities (Veresoglou and Rillig,
2014; Reinhart and Anacker, 2014). In fact, it is quite diffi-
cult to verify the phylogenetic signal in mutualist and host
interactions because multiple factors often mediate species
interactions, and the effects of selection on these interactions
may be highly variable.

In OrM symbiosis, limited research has focused on detect-
ing the phylogenetic signal in orchid and fungal partner in-
teractions. Interestingly, the reported findings all presented
positive results. Jacquemyn et al. investigated the fungal
community differences in the genus Orchis and found that the
interactions between Orchis and Tulasnellaceae fungi were
significantly influenced by the phylogenetic relationships be-
tween Orchis species (Jacquemyn et al., 2011). Martos et al.
evaluated the phylogenetic signal in the angraecoid orchid
species and found that closely related orchids tend to asso-
ciate with the same or closely related fungi (Martos et al.,
2012). Consistent with these findings, we found that closely
related Dendrobium species hosted more similar OrM fun-
gal communities. A significant phylogenetic signal of Den-
drobium on the Dendrobium-Tulasnellaceae interaction net-
work’s constitution revealed that Tulasnellaceae fungi were
unlikely to have evolved substantially in response to the Den-
drobium species. However, Dendrobium-Tulasnellaceae in-
teractions are significantly influenced by the phylogenetic re-
lationships between the Dendrobium species. This asymmet-

ric relationship may be caused by the ability of OrM fungi
to survive independent of orchids (as either saprophytes or
parasites). Therefore, their distribution and reproduction are
unlikely to be correlated to the orchids. That the OrM fun-
gal community is constrained by plant phylogeny can be ex-
plained by natural selection during the evolutionary process
or by trait conservatism (Losos, 2008).

Because OrM fungal community composition is influenced
by many ecological factors, we limited our sampling site
to one habitat to eliminate these other effects. Here, only
eight Dendrobium species were investigated. We detected
a phylogenetic conservatism in Dendrobium-Tulasnellaceae
fungi interactions, which indicated that phylogenetically
related Dendrobium species tended to interact with similar
sets of mycorrhizal fungi. However, Dendrobium is a large
genus of tropical epiphytic orchids, distributed in most
Asian countries and Australia (Baker and Charles, 1996).
Therefore, further studies still need to be performed to verify
this conclusion in more Dendrobium species and in a larger
geographic scope. Additionally, the mechanism of OrM
fungal community composition is complex and unexplored.
This emphasizes the need to investigate and compare the eco-
logical functions of the fungal partners of each Dendrobium
species. Comparisons of fungal community composition
based on ecological function may explain the evolution of
fungal partner selection in orchids.

MATERIALS AND METHODS
Sampling
In this study we focused on the genus Dendrobium. Eight
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species of this genus, D. cariniferum, D. chrysotoxum, D.
exile, D. aphyllum, D. fimbriatum, D. strongylanthum, D. no-
bile and D. salaccense were collected from Mengla County
(101°25'E, 21°41'N), Xishuangbanna, Yunnan Province,
China. For each Dendrobium species, 10 individual plants
growing 30-50 m apart were sampled. For each individual
plant, we collected five root fragments (2-5 cm) whenever
possible, without dislodging the plant, yielding 80 sampled
individuals from the eight Dendrobium species.

Molecular analysis of OrM fungal communities

Sampled roots were surface sterilized with ethanol (70%) for
30 s and rinsed three times in sterile water to avoid unnec-
essary contaminants from the velamen of the roots and the
surface of the root epidermis. Then, the root fragments were
checked for the presence of OrM by assaying intracellular hy-
phal pelotons (Rasmussen, 1995). Five 5-mm-long root sec-
tions harboring pelotons were sampled for each root fragment
and stored at —20°C for DNA extraction.

The genomic DNA of each root sample was extracted us-
ing the DNeasy Plant Mini Kit (Qiagen, USA) following the
manufacturer’s instructions. Because we assessed the fungal
community in each Dendrobium species, we pooled the DNA
of each plant species before further analyses. To describe
the basidiomycetes’ mycorrhizal communities, we tested the
effectiveness of several broad-spectrum basidiomycete-spe-
cific primer pairs, including ITS1-OF/ITS4-OF (Taylor and
McCormick, 2008), ITS1-OF/ITS4 (White et al., 1990) and
ITS1-OF/ITS4-Tul (Taylor and McCormick, 2008). ITS1-OF
and ITS4-OF produced the most consistent amplification hav-
ing a high yield. Clone libraries were constructed following
PCR amplification with the primers ITS1-OF and ITS4-OF.
PCR conditions were as follows: 94°C for 3 min, followed
by 32 cycles of 94°C for 30 s, 52°C for 30 s and 72°C for
55 s. The final cycle was followed by a 7 min extension at
72°C. Clone libraries were constructed for each sample us-
ing the following procedure: PCR products were purified us-
ing the QIAquick PCR purification kit (Qiagen) and cloned
using the pGEM-T Easy vector (TaKaRa, Japan) and com-
petent Escherichia coli DHS5a cells. Then, 96 clones were
randomly selected from each library and sequenced using the
M13 forward primer. Our previous studies had determined
that this was a large enough clonal pool for assessing to-
tal species diversity and sampling completeness (Xing et al.,
2013; Xing et al., 2015). DNA sequences from all of the
samples were aligned using the MEGAS5 software (Tamura
et al., 2011) followed by manual editing. The sequences
were grouped into operational taxonomic units (OTUs) by
UPARSE (Edgar, 2013) in which sequences exceeding 97%
homology were clustered into the same OUT. This thresh-
old is the usual proxy for the species delimitation among ba-
sidiomycetes (Jacquemyn et al., 2011; Martos et al., 2012).
To identify the different OTUs, representative sequences for
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each OTU (as indicated by UPARSE) were queried against
GenBank using the BLAST algorithm. Representative se-
quences for each OTU were deposited in GenBank (Table 1).

Plant ITS amplification and sequencing

From each Dendrobium species, we selected one healthy leaf
for the genomic DNA extraction. Plant DNA was also ex-
tracted using the DNeasy Plant Mini Kit (Qiagen) follow-
ing the manufacturer’s instructions. Primers ny43 and ny47
(Cameron, 2005) were selected to amplify the IDNA’s ITS re-
gion. The PCR conditions were as follows: 94°C for 3 min,
followed by 32 cycles of 94°C for 30 s, 55°C for 30 s and
72°C for 55 s. The final cycle was followed by a 7 min exten-
sion at 72°C. Amplification products were electrophoresed on
a 1.0% agarose gel and checked to ensure that a single DNA
band of the expected size was produced. For sequencing, a
QIAquick PCR purification kit (Qiagen, Germany) was used
to purify PCR products from unincorporated nucleotides, ex-
cess primer and salts, as well as primer dimers. Sequencing
reactions were performed on an ABI-310 capillary sequencer
using an ABI dye-terminator kit (ABI/Perkin-Elmer, USA)
following the protocol supplied by the manufacturer.

Data analysis

The OrM fungi are usually basidiomycetes (Dearnaley,
2007), mainly members of the Ceratobasidium, Sebacina
and Tulasnella genera (Smith and Read, 2008). Here, most
of the detected fungi are members of Tulasnellaceae; how-
ever, the ITS sequences were too variable to construct a
phylogenetic tree spanning all of the fungi detected, so the
following analysis was limited to the Tulasnellaceae OTUs.

Based on relative abundance data of the observed OrM
fungi in each of the Dendrobium species, the fungal commu-
nity compositions associated with the different Dendrobium
species were visualized by non-metric multidimensional
scaling using the Bray-Curtis coefficient as a distance mea-
sure. All of the analyses were performed using the program
PC-ORD version 6 (McCune and Mefford, 2011).

To test whether the phylogenetic relatedness of Dendro-
bium species correlated with a similar set of OrM fungi,
phylogenetic signal strength was used. This approach has
been employed to analyze orchid and OrM fungi interactions
(Jacquemyn et al., 2011; Martos et al., 2012). Because
phylogenetic signal measurements are based directly on evo-
lutionary rates (branch lengths) estimated by phylogenetic
inferences, we first constructed ML and BRC trees for the
Dendrobium plants and the Tulasnellaceae fungi, respec-
tively. Branch lengths were estimated without a molecular
clock assumption in the ML trees, while in BRC trees they
were estimated under a relaxed molecular clock assumption
and represent time. The ITS sequences of 22 Tulasnellaceae
OTUs and eight Dendrobium species were aligned using
Clustal X version 2.0 (Larkin et al., 2007). The GTR+G
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and T92+G+Imodels of evolution were identified as the
best-fit models for the Dendrobium and Tulasnellaceae data
sets, respectively, using the Akaike Information Criterion
implemented in jModelTest 2 (Darriba et al., 2012). For both
data sets, an ML phylogeny was constructed with RAXML
7.2.8 (Stamatakis et al., 2008). Clade support was estimated
with RAXML through a nonparametric bootstrap analysis of
1,000 pseudo-replicate data sets. In addition to the ML trees,
we constructed ultrametric trees with a BRC analysis using
BEAST 1.5.4 (Drummond and Rambaut, 2007). The uncor-
related lognormal clock model (Drummond et al., 2006) was
selected and a pro forma calibration point was enforced. The
root height was fixed at 1.0. Posterior distributions of pa-
rameters were approximated using two independent Markov
chain Monte Carlo analyses of 2.0x10” generations followed
by a discarded burn-in of 2.0x10° generations (10%).

A simple Mantel test implemented in ZT 1.1 (Bonnet and
Van de Peer, 2002) was used to compare phylogenetic dis-
tance matrices of Dendrobium species with matrices of eco-
logical distances between Dendrobium species. The phyloge-
netic distances for Dendrobium species were calculated using
the “distance” option in Geneious based on the highest likeli-
hood tree from the ML analysis. The ecological similarity (S)
(Rezende et al., 2007) between any two Dendrobium species
was defined as the number of fungal OTUs with which they
both interact divided by the total number of fungal OTUs with
which either one interacts. Ecological distances were calcu-
lated as 1-S. Simple Mantel tests were run with 10,000 ran-
domizations. Because differences in the number of associ-
ated mycorrhizal taxa affect S estimates, we also performed
partial Mantel tests in which the number of associated fun-
gal taxa was controlled (the pairwise distance for the num-
ber of associated taxa was calculated as the absolute differ-
ence in the number of associated taxa between two Dendro-
bium species). This partial Mantel test can discern whether
phylogeny strictly affects the identity of fungal OTUs with
which Dendrobium species interact, independently of the to-
tal number of fungi associated with each Dendrobium species
(Rezende et al., 2007).

In addition to the phylogenetic relatedness of Dendrobium
species and associated Tulasnellaceae fungi, we further
evaluated the strength of the phylogenetic signals of the
two phylogenies on the Dendrobium-Tulasnellaceae fungi
interactions using a linear model approach that fit the phy-
logenetic variance-covariance matrix to the plant-fungi
interaction matrix (Ives and Godfray, 2006). We applied
the phylogenetic bipartite linear model of Ives and Godfray
(Ives and Godfray, 2006). The structure of the association
matrix was decomposed into a phylogenetically corrected
mean association strength and a vector of residuals that
depended on the phylogenies using an estimated general
least square analysis. The reference evolution model used
to calculate the phylogenetic structure was based on the
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Ornstein-Uhlenbeck process that can incorporate stabilizing
selection (Blomberg et al., 2003). We calculated the inde-
pendent phylogenetic signals of the Dendrobium (dp) and
Tulasnellaceae (dr) phylogenies on the interaction matrix
and the strength of the signal of both phylogenies combined
(MSE,). The significance of the phylogenetic structure was
determined by comparing the mean square error (MSE)
of this model of evolution (MSE,) with the MSE derived
under the assumption of no phylogenetic signals (i.e., a star
phylogeny) and with the MSE derived under the assumption
of a maximum phylogenetic signal (i.e., Brownian motion
evolution, MSE;). The model minimizing the MSE was
considered the best fit. Bipartite linear models were per-
formed using the pblm function in the picante R package
(Kembel et al., 2010) and were carried out on the ML and
BRC Dendrobium-Tulasnellaceae phylogeny sets.
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