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Fig. S1 The number of orchid species per fungal family associated with. The sixty-eight

fungal families in Basidiomycota and Ascomycota excluding singletons are ranked by the
number of orchid species that they associate with.
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Fig. S2 Fungal family composition among orchid species with different trophic modes.
AU: autotrophy; PMH: partial mycoheterotrophy (a relaxed definition; see Supporting
information Notes S1); MH: full mycoheterotrophy.
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Fig. S3 A comparison between Sanger sequencing and high-throughput sequencing
(HTS) techniques. (a) The number of fungal families per orchid species associated with
regarding different sequencing techniques based on the fungal associates of 519 orchid
species. (b) The number of fungal families per orchid species associated with based on the
fungal associates of eleven orchid species generated from both sequencing techniques. (c)
The average number of studies on the eleven orchid species that adopted both sequencing

techniques.
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Fig. S4 Orchid phylogeny, ancestral states of trophic mode, and symbiotic association.
The orchid phylogeny is annotated with subfamilies, tribes, and species; the pie chart of the
posterior probability state of trophic modes under a relaxed definition of partial
mycoheterotrophy (Supporting information Notes S1) is mapped on all internal nodes of the
tree. The geological time scales are visualized by circles from upper Cretaceous (c. 90 — 66
MA), via Paleocene (c. 66 — 23 MA), and Neogene (c. 23 — 2.58 MA), to Quaternary (from
2.58 MA to the present). The matrix on the right matches the tips of the orchid phylogeny,
and represents the presence or absence of seventeen fungal families containing putative
orchid mycorrhizal fungi (Dearnaley et al., 2012). Fungal families are ranked by the number
of orchid species that they associate with. Trophic modes (AU, PMH, and MH) and
symbiotic associations represented by fungal lifestyles (RHI, ECM, ECM/SAP, and SAP) are
visualized using different colors. Visualization generated using “ggtree” R package (Yu

2020).
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Fig. S5 Ancestral state reconstruction of the trophic mode under a relaxed definition of
partial mycoheterotrophy (PMH) using stochastic character mapping. Using a relaxed
definition of PMH (Supporting information Notes S1), orchid species are enriched in only *C
or 1°N compared with surrounding autotrophic vegetation. The number of transitions between
trophic modes is visualized at the bottom right of the figure. The geological time scales are
visualized by circles from upper Cretaceous (c¢. 90 — 66 MA), via Paleocene (c. 66 — 23 MA),
and Neogene (c. 23 — 2.58 MA), to Quaternary (from 2.58 MA to the present).
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Fig. S6 Ancestral state reconstruction of the trophic mode under a strict definition of
partial mycoheterotrophy (PMH) using stochastic character mapping. Using a strict
definition of PMH (Supporting information Notes S1), orchid species are significantly
enriched in both '*C and >N compared with surrounding autotrophic vegetation. The number
of transitions between trophic modes is visualized at the bottom right of the figure. The
geological time scales are visualized by circles from upper Cretaceous (c. 90 — 66 MA), via

Paleocene (c. 66 — 23 MA), and Neogene (c. 23 — 2.58 MA), to Quaternary (from 2.58 MA to

the present)
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Fig. S7 Changes of trophic mode and symbiotic association through time. (a) The
proportion of each trophic mode through time is sampled at 5 million year intervals on the
orchid phylogeny with ancestral state reconstructions (Supporting Information Fig. S5). (b)
The proportion of each symbiotic association is relative to the total number of branches at
that particular point in time, sampled at 5 million year intervals on the orchid phylogeny with
ancestral state reconstructions (Fig. 3). The geological time scales are visualized at the
bottom from upper Cretaceous (c. 90 — 66 MA), via Paleocene (c. 66 — 23 MA), and Neogene
(c. 23 —2.58 MA), to Quaternary (from 2.58 MA to the present).
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Table S1 Orchid mycorrhiza dataset.

Table S2 The list of orchid species for phylogenetic reconstruction and trait analyses.

Table S3 Phylogenetic signals of symbiotic association and trophic mode using

Pagel’s lambda.

Phylogenetic

Trait Model test signal (1)

log-likelihood = -
481.80
Symbiotic association ARD model AIC =1077.60 0.9
AlCc =
1091.321024
log-likelihood = -
q(MH->PMH)=0; 147.64
q(MH->AU)=0 AIC =305.29
AICc =305.40

Trophic mode 0.93

The ARD model of different rates in the state transition rate matrix (Q matrix) was conducted for
symbiotic association and trophic mode. The symbiotic association represented by fungal lifestyle
was classified as RHI, ECM, SAP, and their combinations. We specified a constrained model for
trophic mode, which disallows any transition from full mycoheterotrophy (MH) to partial
mycoheterotrophy (PMH) and autotrophy (AU), respectively, by setting their transition rate to
zero. Pagel’s lambda (A) was used to evaluate the degree of phylogenetic signal. A = 0 indicates no
phylogenetic signal in the trait, indicating that the trait has evolved independently from the
phylogenetic relationships. Conversely, A = 1 indicates a strong phylogenetic signal, suggesting
that the trait has evolved under a Brownian motion model of evolution.

Table S4 Phylogenetic correlations between orchid trophic mode and symbiotic

association using the Discrete Independent and Dependent models implemented in

BayesTraits.
Independent Dependent Bayes Factor Traits
Model Test Test: InL Test: InL (BF) Correlation
Trophic mode ~ 304.56 975.95 53.62 Very strong
Symbiotic state ’ ’ ' evidence

The multistate discrete traits (trophic mode, symbiotic association) were separately converted into
dummy states to fit the requirements of Discrete models. The trophic mode was classified as
autotrophic (AU) and mycoheterotrophic (PHM and MH). The symbiotic association represented
by fungal lifestyle was classified as rhizoctonia-like fungi (0-RHI) and non-rhizoctonia fungi (1-
ECM, SAP, and all other combinations with RHI). The level of correlation was evaluated by a log
Bayes Factor (BF). BF Interpretation: <2 Weak evidence; >2 Positive evidence; 5-10 Strong
evidence; >10 Very strong evidence.



Notes S1 Additional methodological details and results. Detailed descriptions include
fungal OTU clustering and taxonomic assignment, classification of trophic mode, orchid
phylogeny reconstruction and divergence time estimation, correlated trait evolution, and
hypothesis tests, as well as results of a parallel analysis investigating whether DNA

sequencing techniques influence the fungal family composition.

Supporting Information Notes S1
Materials and Methods
Fungal OTU Clustering and Taxonomic Assignment

To assign the taxonomic information of nearly 7000 fungal ITS sequences detected in orchid
roots, we implemented “usearch global” command with USEARCH v11 (Edgar, 2010) to
blast against the UNITE local database (Abarenkov et al., 2010) adopting a threshold of 97%
identity. Because about 88% of all fungal sequences were assigned at the family level and 53%
of all fungal sequences failed to be assigned to the genus or species level, we discarded all
fungal sequences with taxonomic assignments above the family level only. Subsequently,
seventy-two fungal families associated with only a single orchid species were also discarded
since these represent autapomorphies that are not informative for ancestral state
reconstructions (Yeates, 1992). Furthermore, we removed two fungal families not belonging
to Basidiomycota and Ascomycota, resulting in 68 fungal families. We adopted a
conservative strategy that we only kept families that contain putative orchid mycorrhizal
fungi (Table 12.1 in Dearnaley et al., 2012), resulting in a final set of 17 fungal families for

further analyses.
Robustness to Sampling Uncertainty

The fungal data in our dataset was produced by both Sanger and high-throughput sequencing.
High-throughput sequencing (HTS) methods commonly produce millions of reads per run,
and therefore possibly detect many more fungal taxa than traditional Sanger sequencing
approaches. In our dataset, the fungal sequences of 69 orchid species were produced by HTS
approaches either using Illumina or Roche 454 platforms. To assess the effect of the
sequencing platform on the detected diversity of fungal families, we used USEARCH to blast
fungal sequences excluding those produced by HTS against UNITE database. In addition, we



compared the detected fungal families of eleven orchid species for which data of both

methods were available.
Classification of the Trophic Mode

The level of heterotrophy can vary across developmental stages (Bidartondo & Read, 2008;
Tesitelova et al., 2015; Waud et al., 2017), thus we only considered the trophic state of a
species at its adult stage. Orchid species were assigned to a trophic mode as follows: Species
lacking visible chlorophyll were labeled as fully mycoheterotrophic. Green-leaved species
were designated as autotrophic (initially mycoheterotrophic) unless the '*C and "N data
suggest that they are partially mycoheterotrophic at the adult stage. Despite the trophic state
of species individuals may vary across habitats (Bidartondo et al., 2004; Jacquemyn et al.,
2016; Dufty et al., 2019), we assigned an orchid species as partially mycoheterotrophic when
stable isotope enrichments of its individuals is confirmed by at least a single study. Species
with significant enrichment in both '3C and "N compared to surrounding autotrophic
vegetation were classified as partially mycoheterotrophic (a strict definition of partial
mycoheterotrophy). Species with enrichments in only '*C or >N were considered as putative
partially mycoheterotrophic (a relaxed definition of partial mycoheterotrophy). Since the
12C/13C and "N/N isotope ratios of only a few species have been investigated, mostly in
temperate regions, and because C and N stable isotope signatures cannot detect low levels of
mycoheterotrophy (Gebauer ef al., 2016; Schiebold et al., 2018; Schweiger et al., 2019), this
approach is conservative and therefore may have underestimated the number of partially

mycoheterotrophic species in our dataset.
Orchid Phylogeny Reconstruction and Divergence Time Estimation

After merging data of species with synonymous names using the “plantlist” R package

(https://www.github.com/helixcn/plantlist) and removing species lacking DNA data, we kept

a total of 498 orchid species for phylogenetic analysis. Based on Chase ef al. (2015), we
added data of 21 species to represent genera that lacked DNA accessions recorded in the
dataset, 18 species belonging to tribes and subtribes unrecorded in our dataset, and two
species to represent calibration nodes, thus resulting in a total of 539 species for phylogenetic
reconstruction (Supporting Information Table S2). The DNA sequences of four universal
markers (ITS, matK, rbcL, and trnL-F) of the selected orchids were downloaded from the
NCBI GenBank database and aligned separately by MUSCLE (Edgar, 2004). We used



ModelTest-NG (Darriba et al., 2020) to determine the substitution model for each alignment.

The GTR+1+G4 model was selected as the best substitution model for all partitions using the
AlCec.

To reconstruct a time-calibrated phylogeny of Orchidaceae, we performed a relaxed
molecular clock analysis with BEAST v2.5 (Bouckaert et al., 2019), constraining the two
species Apostasia wallichii and Neuwiedia veratrifolia, belonging to Apostasioideae, as the
outgroup, and tribes of orchids as monophyletic according to backbone trees in the references
(Chase et al., 2015; Givnish et al., 2015; Chomicki et al., 2015). Yule prior (Heled &
Drummond, 2015) with a birth rate under a uniform prior, a relaxed clock lognormal model
(Drummond et al., 2006), and the estimated clock rate were chosen for the analysis. Three
ingroup fossil calibration points were applied under a gamma distribution following
Chomicki et al. (2015): (1) the monophyletic tribe Goodyerinae (15-20 Ma, offset = 17.5, SD
=5) (Ramirez et al., 2007); (2) Dendrobium (20-23 Ma, offset = 20, SD = 4.5) (Conran et al.,
2009; Iles et al., 2015); and (3) Earina (20-23 Ma, offset = 20, SD = 4.5) (Conran et al., 2009;
Iles et al., 2015). Five parallel runs of Markov chain Monte Carlo (MCMC) searches (with a
length of 100 million generations and sampling every 10,000 generations) were performed on
CIPRES Science Gateway (http://www.phylo.org/). The effective sample size (ESS) of major
traced parameters exceeded 200 (and all others exceeded 100) using a range of 20% ~ 70 %
sampling trees as burn-in for parallel runs. We then calculated a majority-rule consensus over

the retained trees.
Correlated Trait Evolution

To test for correlated evolution between trophic mode and symbiotic association, we
implemented the Discrete Independent and Dependent models in BayesTraits V3. First, we
converted all multistate traits into binary states to fit the requirements of the Discrete models.
Trophic modes were recoded as mycoheterotrophic “MH” and non-mycoheterotrophic “non-
MH” (AU + PMH). Likewise, the symbiotic state represented by fungal lifestyles were
divided into “rhizoctonias” and “non-rhizoctonias” (ECM, SAP). Afterward, we ran 10°
iterations of reJUMP MCMC analyses (Pagel & Meade, 2006; Green, 1995) with BayesTraits.
We used the “stones” command to approximate the marginal likelihood, running 100 stones
for 10000 iterations. Finally, the log Bayes Factor (BF) was used to calculate the level of the

correlation between each pair of discrete traits.



Hypothesis Tests for Plausible Evolutionary Scenarios

Based on the occurrence of coupled characters (Supporting Information Table S2), we
identified five commonly observed multistate characters based on trophic mode and
symbiotic association: 1) autotrophic orchids associating with rhizoctonia fungi (AU-R); 2)
autotrophic orchids associating with ectomycorrhizal and/or saprotrophic fungi (AU-ES); 3)
autotrophic orchids associating with rhizoctonia, ectomycorrhizal and/or saprotrophic fungi
(AU-RES); 4) mycoheterotrophic orchids associating with rhizoctonia fungi, ectomycorrhizal
and/or saprotrophic fungi (MH-RES), and 5) mycoheterotrophic orchids associating with
ectomycorrhizal and/or saprotrophic fungi (MH-ES). To limit the number of free parameters
in the Q matrix, which would have impeded convergence in our analysis, we put partially
mycoheterotrophic states into the categories of fully mycoheterotrophic states and excluded
the rare cases of combinations that do not fit the five states above. For example, three
mycoheterotrophic species in the genera Rhizanthella and Chamaegastrodia that are
associated with ectomycorrhizal members of the Ceratobasidiaceae were put into the MH-ES
state because we treat Ceratobasidiaceae solely as ‘rhizoctonias’ in this study regardless of
rare cases of ectomycorrhizal members in this family. In addition, the single instance of a
putatively autotrophic species associating with saprotrophic fungi (Cremastra appendiculata)

was categorized as the AU-ES state.

We tested specific paths of symbiotic shifts along which mycoheterotrophy has potentially
evolved via a prerequisite of an intermediate symbiotic state. Therefore, we set constraints on
the Q matrix and tested which state was best supported to be the intermediate state that
enabled the evolution of mycoheterotrophy (see Diagram S1). The first model assumes that
AU-R is the intermediate state just before the evolutionary transition to mycoheterotrophic
states MH-RES and MH-ES. In this model, we disallowed direct transitions from AU-ES and
AU-RES to the fully mycoheterotrophic states by setting their transition rates to zero. The
second model assumes that AU-ES is the intermediate state for the evolution of
mycoheterotrophy. In this model, we disallowed any transitions from AU-R and AU-RES to
the fully mycoheterotrophic states. The third model assumes the AU-RES state as the
intermediate state towards mycoheterotrophy by setting the transition rate of AU-R and AU-
ES to MH-RES and MH-RES to zero. The fourth model is based on the previous model and
represents a more specific path towards mycoheterotrophy by going through an obligate

association with a combination of rhizoctonia, ectomycorrhizal and/or saprotrophic fungi, for



which the transition rate from AU-RES to MH-RES was also set to zero. While all four
models confine the forward direction of transitions, the fifth model is identical to the fourth
but also sets constraints on reverse transitions and assumes that transitions from the MH-ES
state to the autotrophic states are impossible. Lastly, the final model only allowed that
reversed transitions from mycoheterotrophic state to autotrophic state pass through an
intermediate of a mixture of rhizoctonias, ectomycorrhizal, and/or saprotrophic fungi (MH-

RES and AU-RES).

To compare models, we estimated the marginal likelihood of the free model where no
constraints were set to the Q matrix. One constrained model disallowing specific transitions
between states in the Q matrix that best fit the data will result in the marginal likelihood that
differs most significantly from the less-constrained free model. We ran each ‘MultiState’
analysis in triplicate for 10° generations and calculated the average marginal likelihood using
a stepping stone sampler. Finally, we compared the constrained models with the free model
by Bayesian information criterion (BIC), and the model with the lowest BIC values was

preferred.

Diagram S1 Evolutionary models that constrain intermediate state(s) towards mycoheterotrophy.



Results
The Robustness of Our Analyses

After removing fungal families that associate with only a single orchid, a total of 66 fungal
families in Basidiomycota and Ascomycota were detected to present in 519 orchid species
when reanalyzing the data without the HTS data (Supplementary Fig. S3a), which is similar
with a set of 68 fungal families when analyzing all DNA sequences in our dataset
(Supplementary Fig. S1). When comparing the fungal families associating with eleven orchid
species between sequencing platforms, we found that the diversity of fungal families is
slightly higher by Sanger sequencing than by HTS machines (Supplementary Fig. S3b). The
slight bias in the diversity of fungal families could potentially relate to a larger number of

studies adopting Sanger sequencing than the HTS method (Supplementary Fig. S3c).
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