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Abstract

Interaction with orchid mycorrhizal fungi (OMF) is essential to all members of the Orchidaceae, yet we know little about
whether or how OMF abundances in substrates shape orchid populations. While root-associated OMF diversity is catalogued
frequently, technological constraints have impeded the assessments of OMF communities in substrates until recently, thereby
limiting the ability to link OMF communities in a habitat to population responses. Furthermore, there is some evidence that
edaphic and microclimatic conditions impact OMF in soil, yet we lack an understanding of the coupled influences of abiotic
environment and OMF structure on orchid population dynamics. To discover the linkages between abiotic environment, OMF
community structure, and population size, we characterized the microclimatic conditions, soil physicochemistry, and OMF
communities hosted by roots and soil across large and small populations of a terrestrial orchid endemic to California Floristic
Province in North America. By using high-throughput sequencing of the ITS2 region of nrDNA amplified from root and soil
DNAs, we determined that both roots and soil of larger populations, which were high in phosphorus but low in zinc, organic
matter, and silt, were dominated by Tulasnellaceae OTUs. In comparison, roots and soil from smaller populations of the
orchid hosted higher relative abundances of the Ceratobasidiaceae. In this multiyear, range-wide study that simultaneously
measured habitat environmental conditions, and soil and root OMF communities, our results suggest that soil chemistry is
clearly linked to soil and root OMF communities, which then likely alter and shape orchid populations.
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Introduction

Ecological mechanisms that govern distributions and popu-
lation dynamics of plant species are complex (Stanton-Ged-
des et al. 2012). Plants and populations may respond to a
host of abiotic and biotic variables that may also interact
with each other. In species with multitrophic interactions,
such as symbioses with mycorrhizae, there is an addi-
tional layer of complexity that must be factored in when
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attempting to predict plant or population responses (McCor-
mick et al. 2018). Further, when rarity of the plant host is
added into this mix, identifying the ecological drivers of
their populations becomes increasingly challenging due to
the increasingly narrower fundamental niches (Fiedler et al.
2007; Wamelink et al. 2014; Leitao et al. 2016). The fam-
ily Orchidaceae is one of the largest plant groups on Earth
with an estimated 30,000 species (Dressler 1993) that are
generally all considered rare in nature. All members of the
Orchidaceae are uniquely characterized by an obligatory
dependence on orchid mycorrhizal fungi (OMF) that primar-
ily, but not exclusively, constitute rhizoctonia-type Basidi-
omycetes for seed germination and early development, and
partial or complete dependence in later life stages depending
on whether the taxa is photosynthetic or non-photosynthetic
in adulthood (Girlanda et al. 2011; McCormick and Jacque-
myn 2014). Moreover, many orchid taxa are patchily distrib-
uted across space and are influenced by specific preferences
towards mycorrhizae and microenvironment (McCormick
et al. 2016). Combined together, such trophic dependencies
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and niche preferences translate into the rarity of a large
majority of orchid taxa if precisely suitable habitat with
ambient conditions for germination, seedling recruitment,
and reproduction is not available (Dressler 1993; Swarts and
Dixon 2009a).

Distributions of orchid populations have been explained
in the context of specificity and availability of OMF, which
mostly belong to the three fungal families (Ceratobasidi-
aceae, Tulasnellaceae, and Sebacinaceae) routinely and pan-
globally detected in orchids (Dearnaley et al. 2012; McCor-
mick and Jacquemyn, 2014). Studies emphasizing the rarity
of orchid taxa have revealed their generalist (Pandey et al.
2013; Waud et al. 2017) as well as specialist interactions
toward OMF (Swarts et al. 2010; Kaur et al. 2017, 2019).
Independent of the nature of host-OMF interactions, the
presence of appropriate OMF in soil is clearly essential for
the sustainability of an orchid population (Swarts and Dixon
2009b). Yet, it is less clear how the community structure
of the preferred OMF in soil shapes the widespread varia-
tion in population sizes and demography of species within
the Orchidaceae (Coates et al. 2006; Jacquemyn et al. 2010;
Shefferson et al. 2014; Rock-Blake et al. 2017).

Prior studies based on automated methods of ribosomal
intergenic spacer analysis (ARISA) and real-time polymer-
ase chain reaction (qPCR) have shown that spatial gradi-
ents in OMF abundances in soil lead to variation in seed
germination or plant emergence (McCormick et al. 2009,
2012, 2016; Rock-Blake et al. 2017). Given these positive
effects on plant growth, it is likely that OMF abundances
can mediate species demographies by affecting seed germi-
nation, plant recruitment, vegetative- or reproductive dor-
mancy, reproduction, and/or mortality. To our knowledge,
only one study by Jacquemyn et al. (2015) has simultane-
ously examined the relationship between population size
and OMF communities in roots and associated soil of an
orchid. Besides this one study, systematic investigations into
the potential linkages between orchid population size and
OMF communities within roots and soil are severely lacking
(McCormick et al. 2018).

Further, the abiotic environment experienced by an
orchid population can also alter its demography (Mattila
and Kuitunen 2000; Shefferson et al. 2018). For instance,
multiple studies have reported that increase in soil moisture
and pH variably increases or decreases seed germination
in orchids (Diez 2007; Jacquemyn et al. 2015; Waud et al.
2017). Orchids are also known to switch OMF partners in
response to changing abiotic conditions such as drought
or edaphic properties (McCormick et al. 2006; Bunch
et al. 2013; Mujica et al. 2016). While these few studies
address pairwise links between environmental predictors
and orchid or OMF response, studies delineating tripartite
linkages are rarely available. For instance, in the study by
McCormick et al. (2006), it cannot be said whether the host
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orchid switched OMF within the roots strictly in response to
drought or whether this switch was mediated by the altered
OMF abundances in soil. Similarly, seed germination, plant
growth, dormancy, or reproduction responses in orchid pop-
ulations could be facilitated via OMF community shifts that
are ultimately governed by the environment.

Provided the independent effects of OMF communi-
ties and abiotic microenvironment on orchid biology, their
coupled dynamics might resolve the ambiguities pertain-
ing to the wide disparities in orchid population dynamics.
Yet, there are few studies that have considered integrated
and coupled distributions of root OMF, their distributions
in soil, and microhabitat conditions concurrently (Jacque-
myn et al. 2015; Waud et al. 2017). And, such investigations
are especially lacking from continents outside of Europe.
Considering the wide global diversity of orchids and their
life histories, the question of what explains their complex
population ecology remains poorly addressed. To narrow
this gap, we studied OMF communities in the context of
host population size in a rare terrestrial orchid, Platanthera
(Piperia) cooperi (S. Watson) R.M. Bateman (Bateman et al.
2003), that is endemic to the North American California
Floristic Province. The orchid taxon is an appropriate model
because of the wide spatiotemporal variability in population
size coupled with their highly heterogeneous microenviron-
ments. We specifically asked whether OMF communities
in roots of P. cooperi and in its soil are uniquely distinct
across variably sized populations and whether these differ-
ences are tied to the microenvironment (microclimate, and/
or soil edaphic characters)? We hypothesized that orchid
populations of different sizes will host distinct mycorrhi-
zal communities in roots, and these differences will be tied
to the community structure of the same fungi in soil and
microenvironment.

Material and methods
Study species and populations

Platanthera cooperi is a terrestrial, perennial orchid native to
California in the USA, and Baja California in Mexico, where
its populations occur in scrub, chaparral, and woodland eco-
systems (Ackerman and Lauri 2018). In southern Califor-
nia, P. cooperi occurs in the San Gabriel Mountain range
and peninsular ranges of Los Angeles, San Bernardino, San
Diego, Ventura, Orange, and Riverside Counties, whereas it
is limited to a peninsular range in Baja California, although
few records have been reported outside its core distribution
in southern California and northern Baja California (Acker-
man and Lauri 2018). The habitat of P. cooperi is character-
ized by mean annual precipitation of 25 cm and has mean
minimum and maximum temperatures of 13 °C and 21 °C,
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respectively. Habitat soil can range from sandy clay loam to
sandy loam with pH ranging from 5.1 to 8. Summer dormant
plants emerge between December and January from peren-
nating tubers and may remain vegetative or become repro-
ductive during the growing season spanning approximately
6 months. Inflorescences of reproductive plants are visible
from March to May. Plants enter anthesis in April, while
capsules typically mature and dehisce by June.

Population sizes vary widely across its range from only
tens of individuals to thousands. To capture this wide range
and to represent the core geographic range of P. cooperi, we
selected two of its largest populations (Point Loma penin-
sula (PLF) and Santa Catalina island (SCE)) that occur in
California and four smaller ones that occur across California
and Mexico (Point Loma peninsula (PLE), Santa Catalina
island (SCW), Cleveland National Forest (CH), and Baja
California, Mexico (MX)) (Fig. 1a). Before finalizing the
study locations, we conducted a laborious search at numer-
ous potential P. cooperi sites in Orange, Riverside, and San
Diego Counties to locate additional populations. These

efforts were based on herbarium records and communication
with local and regional orchid experts. While we confirmed
one historical location (CH) to find a few individuals in
2017, additional large populations were not found. Popula-
tions SCE and PLF were considered large because they can
host> 300 and 4000 flowering or > 500 and 10,000 total
individuals in a given year, respectively, while each of the
smaller populations typically hosts between 1 and 15 flower-
ing or 10 and 30 total individuals per year.

Sample collection and DNA extraction

Roots from seedlings (one leaved individual with 6-10 cm
leaf length and 0.5-1 cm width), vegetative (individuals with
at least two leaves, but lacking an inflorescence), and repro-
ductive (individuals with an inflorescence) individuals from
the six study populations were sampled between February
and April across 3 years including 2015, 2016 and 2017. At
each sampling event, 3 to 5 roots were severed from veg-
etative and reproductive plants without compromising the
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Fig. 1 Characterization of orchid mycorrhizal fungal communities
within roots and habitat soil of Platanthera cooperi. a A partial map
of the USA and Mexico showing the locations of study populations
of P. cooperi. Samples were collected from Point Loma peninsula,
San Diego County (PLE, PLF), Santa Catalina Island, Los Ange-
les County (SCE and SCW), Cleveland National Forest, Riverside
County (CH), and from one population in Mexico (MX). b Hierar-
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chical clustering of orchid mycorrhizal fungal (OMF) communities
recovered from roots (R) and soil (S) across six study populations.
Abundances of 112 OTUs belonging to Ceratobasidiaceae and Tulas-
nellaceae were used, and the heatmap shows the combined abun-
dances of OTUs belonging to the two fungal families. Large popula-
tions are marked with an asterisk (*)
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whole plant. Seedlings had to be collected whole because
of the extremely reduced size of their root systems that typi-
cally includes at most 1 to 2 roots < 1 cm in length. Roots
were stored at 4 °C until they were shipped overnight to the
laboratory. Altogether, 176 individual plants were sampled
to represent three phenological stages from six populations
across 3 years (Table 1). Once in the laboratory, roots were
processed, and DNA was extracted by using the methods
described in Pandey et al. (2013). Subsequently, the DNAs
from multiple root fragments of a single plant were pooled
to obtain an aggregate DNA prep for each sampled plant
yielding 176 individual DNA samples. Soil was sampled
concurrently with roots. At each population, two replicate
soil cores of approximately 20 g were extracted from 2—5
locations within 5-10 cm distance of P. cooperi plants
(Table 1). We sampled from O to 10 cm of soil profile con-
sidering the typical depth to which the roots of the species
penetrate. All sample collection surfaces were sterilized
with a disinfectant in between the handling of any two sam-
ples. Soil samples were placed in dry ice immediately upon
collection and shipped overnight to the laboratory where
they were transferred to a — 80 °C freezer. Two replicate
DNA extractions from each of the 132 individual samples
were performed with 250 mg soil per extraction by using
MoBio PowerSoil DNA Isolation Kit. The two replicate
DNAs per soil sample were subsequently pooled yielding
aggregate DNAs for each of the 132 samples.

Fungal library preparation and sequencing

We used the primer pair ITS3 and ITS4-OF (Waud et al.
2014) to amplify the ITS2 region of fungal nrDNA using
universal 5’ tail sequences from Alvarado et al. (2018;

Table 1 A summary of the number of plants including seedling, veg-
etative and reproductive individuals, and soil cores collected across
six populations of Platanthera cooperi over 3 years. The numbers

ITS3-tail: 5'-CCTATGTGGAGAGCCAGTAAGCGATGC
TATGGT-GCATCGATGAAGAACGCAGC-3'; ITS40F-
tail: 5'-GTCAACGCTCACTACTGCGATTACCCAAGT
CAG-GTTACTAGGGGAATCCTTGTT-3"). Negative con-
trols devoid of any potential source of DNA were included
in the sequencing libraries. Fungal amplicons were produced
in a two-step protocol as suggested by Berry et al. (2011).
A first PCR was carried out for each DNA prep in a 25-pL
reaction mixture containing 1x Phusion Green Hot Start
II High-Fidelity PCR Master Mix (Thermo Fisher Scien-
tific Inc, MA, USA), an additional 1.5 mM MgCl, (3.0 mM
total), 200 nM of each primer, and 8—10 ng DNA. Ther-
mocycling conditions were the following: 95 °C for 2 min,
followed by 30 cycles of 95 °C for 30 s, 55 °C for 30 s, and
then 60 °C for 4 min. PCR products were checked on a 1%
agarose gel for an amplicon length of 500-550 and puri-
fied by bead-prep using carboxylated magnetic beads (GE
Healthcare Life Sciences, PA, USA) as described in Rohland
and Reich (2012). Two microliters of purified PCR prod-
ucts from the first PCR were used as template to carry out a
25-pL second PCR to add index and flowcell sequences to
the amplicons. Thermocycling conditions for the index PCR
were the following: 95 °C for 2 min, followed by 15 cycles
of 95 °C for 30 s, 60 °C for 30 s, and then 72 °C for 1 min.
The indexed amplicons from the second PCR were purified
by bead-prep as described above. Products were quantified
by using Quantiflour dsSDNA System (Promega, WI, USA),
and an equal DNA mass of 35 ng from each indexed product
was combined to obtain a single pooled library. The pool
was purified with bead-prep and sequenced on a MiSeq
Desktop Sequencer (Illumina Inc, CA, USA) running in
paired end 2 X 300 bp mode at the Center for Biotechnol-
ogy and Genomics at Texas Tech University.

in parentheses show the number of sequences retained for analyses.
Large populations are marked with an asterisk (*)

Population code Sampling year No. of seedlings (no.

No. of vegetative plants

No. of reproductive plants  No. of soil

of reads) (no. of reads) (no. of reads) cores (no. of
reads)
PLF* 2015 8 (5831) 8 (9101) 8 (6641) 20 (48,936)
2016 13 (16,597) 8 (9051) 8 (7855) 20 (63,848)
2017 8 (12,546) 9(17,503) 9 (16,702) 20 (61,442)
PLE 2015 2 (735) 4 (10,908)
2016 3 (3626) 3 (2238) 8 (30,340)
2017 4 (1596) 1(732) 8 (35,782)
SCE* 2016 8 (10,370) 6 (4498) 7 (9215) 8 (31,268)
2017 6 (7008) 10 (10,651) 5(5181) 8 (26,484)
SCW 2016 6 (7981) 5(5482) 8 (27,705)
2017 4 (4860) 7 (5929) 5 (6407) 8 (27,593)
CH 2017 2 (126) 3 (5317) 1(917) 8 (32,448)
MX 2017 2 (1427) 3 (6030) 4 (6113) 12 (40,063)
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Soil physicochemical characteristics and climatic
parameters

At each of the six study populations, three replicate soil
cores representing the soil profile from 0 to 10 cm were col-
lected concurrently with root collection. The individual rep-
licates represented the area where majority of the P. cooperi
plants were growing. The three replicates were combined to
yield one aggregate samples from all study sites and sam-
pling events. Physicochemical analyses included soil texture,
organic matter (OM), pH, cation exchange capacity (CEC),
nitrate (NO;), phosphorus (P), potassium (K), magnesium
(Mg), sodium (Na), calcium (Ca), zinc (Zn), manganese
(Mn), iron (Fe), copper (Cu), boron (B), and soluble salts.
Climatic variables were obtained from two large (PLF,
SCE) and two small (PLE, SCW) populations. At PLF and
PLE, a ECRN-100 logger (Decagon Devices, WA, USA)
was used to record precipitation (mm; ECRN-100) while
ibuttons (Maxim Integrated, CA, USA) were used to record
air temperature (°C) and relative humidity (%) with a Hygro-
chron DS1923 and soil temperature (°C) was recorded with a
Thermochron DS1921G-F5. All climatic data were recorded
continuously at a 4-h frequency. We obtained similar data
for the island populations SCE and SCW from Santa Cat-
alina Island Climate stations closest to each population. We
extracted the climate data collected between December and
April to represent the growing season to include plant emer-
gence, vegetative, and reproductive growth of P. cooperi.

Data analysis

Quality filtering and OTU delineation—Primers were first
removed from demultiplexed sequences using Cutadapt ver-
sion 1.10 (Martin 2011), and then paired end reads were
joined with fastg-join using a minimum overlap of 30 bp
(-m = 30) and 8% maximum difference in the overlapping
region (-p = 8) (Aronesty 2013). Sequences were quality
trimmed by setting sum maximum error probability to one
(--fastq_maxee = 1) and maximum number of Ns in the
sequence to zero (--fastq_maxns = 0) in VSEARCH ver-
sion 2.4.1 (Rognes et al. 2016). Sequences shorter than
150 bp were discarded, and the remaining sequences were
subjected to dereplication (--derep_fulllength) and sorting
by length (--sortbylength). Next, chimeric sequences were
removed (--uchime_ref) using UNITE fungal reference
database (Koljalg et al. 2014) with VSEARCH. Operational
taxonomic units (OTUs) were identified by de novo clus-
tering of sequences using a 97% similarity threshold with
UCLUST (Edgar 2010) in QIIME version 1.9 (Caporaso
et al. 2010). Taxonomy was assigned with SINTAX, a
non-Bayesian taxonomy classifier (Edgar 2016) by using
UNITE reference database supplemented with sequences
belonging to OMF families that were recovered from orchid

and non-orchid hosts (popset#=311306615, 1239395834,
337732522, 1248686462, 38606914, 1304517535,
406591741, 451329646, 1304517590). An OTU table was
built in QIIME and subsequently filtered for singletons to
remove OTUs represented by a single sequence.

Community analyses—A phyloseq object was first cre-
ated with phyloseq package (McMurdie and Holmes 2013)
in R version 3.5.2 (R Core Team 2019). Next, the decon-
tam package (Davis et al. 2017) was used to filter OTUs
based on their frequency and prevalence in negative controls
(method =*“combined”). We then used the iNEXT package
(Hsieh et al. 2016) with 100 bootstraps and first order of hill
number (q = 1) to generate rarefaction and extrapolation
curves for species accumulation to determine whether fungal
OTU diversity had been saturated in root and soil samples,
collectively. For the community analyses, fungal commu-
nities were filtered to retain Tulasnellaceae and Ceratoba-
sidiaceae families to represent OMF communities in root
and soil dataset, and we further filtered OTUs from the two
OMF families to represent OMF communities with OTUs
that showed an overlap between root and soil datasets.

We estimated both alpha diversity and dissimilarity of
root and soil OMF communities hosted by large and small
populations. First, Hill diversity was calculated based on
Shannon diversity index (H,) to estimate alpha diversity
representing the effective number of species, or in this case
OTUs, based on their richness and evenness in a commu-
nity (Hill 1973; Jost 2006). The H, estimates for large and
small populations were compared with a non-parametric
Kruskal-Wallis test for roots and soil separately. To compare
the OMF communities between large and small populations,
we first calculated Bray-Curtis dissimilarities from a Hell-
inger transformed OTU matrix and then applied permuta-
tional multivariate analysis of variance (PERMANOVA) to
assess if group size (small/large population size) explained
variation in community composition (Anderson 2001).
Bray-Curtis dissimilarities of the OMF communities were
also used for hierarchical clustering of large and small
populations with the stats package in R, based on the OMF
OTUs. The analyses described up to here were conducted
with two datasets to examine the influence of an uneven n
of individuals from large and small populations. The two
datasets included (1) the complete dataset and (2) a similar
n of individuals from large and small populations. The bal-
anced dataset was generated after conducting 10 simulations
of random subsampling of root-OMF communities from
55 individuals (which is equal to the number of individu-
als collected from small populations) associated with large
populations. Subsequently, we used ANCOM (analyses of
composition of microbiome) to identify the root and soil
OMF OTUs that were differentially abundant between large
and small populations by using the most stringent adjust-
ment for multiple comparisons (multcorr = 1) (Mandal et al.
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2015). Please note that we use the term “abundance” herein
to refer to “relative abundance” to report the proportion of
DNA sequences assigned to a particular OTU representing
its relative frequency.

Network analyses—To determine the co-occurrence pat-
terns of OMF OTUs in roots and soil within two large and
two small populations (PLF, PLE, SCE and SCW) represent-
ing peninsular and island populations, we computed SparCC
correlations for each of the four populations by using 500
permutations and 100 iterations at each step. The SparCC
correlations were computed per sampling event; for instance,
data from roots of a given population in February 2015 were
combined and then correlated with the similarly combined
data from soil sampled during the same month and year
at the same population. To test if the correlation networks
between root and soil OTU communities of large popula-
tions were different from small populations, we merged the
correlation matrices obtained from root and soil OMF com-
munities from the four populations in CompNet software
(Kuntal et al. 2016) after retaining only strong co-occurrence
and co-exclusion (absolute SparCC correlation > 0.6) rela-
tionships. Subsequently, CompNet detected “communities”
based on the Newman’s spectral community finding algo-
rithm (Newman 2006) from the merged correlation networks
of the four populations and provided enrichment scores for
these communities to show their exclusive or overlapping
distributions across four populations.

Phylogenetic analyses—To examine the placement of
Tulasnellaceae and Ceratobasidiaceac OMF OTUs recov-
ered from P. cooperi roots among previously known OMF
from the same fungal families in other orchid species, we
generated maximum likelihood (ML) phylograms. First, 197
Tulasnellaceae sequences (45 represent P. cooperi OTUs
and 152 GenBank reference sequences from other orchids)
and 288 Ceratobasidiaceae sequences (67 P. cooperi asso-
ciated OTUs and 221 GenBank reference sequences) were
aligned separately with T-coffee (Di Tommaso et al. 2011).
Midpoint rooted ML trees were then generated for each fam-
ily with RAXML-HPC2 version 7.4.2 (Stamatakis 2006),
and the best tree from 1000 random parsimonious trees was
assigned clade support values based on 1000 bootstrap rep-
licates. Phylograms were visualized using FigTree version
1.4.2 (Rambaut 2012).

Soil, microclimate, and affinities of root and soil OMF
communities for microenvironment—We used the non-
parametric Kruskal-Wallis test to detect differences in
physical and chemical properties of soil in large and small
populations. Variation in microclimate was assessed via
a linear mixed-effect model (LMM) on weekly means of
the explanatory variables measured between December
and April of each of the years between 2014 and 2017. In
the LMM, we used population size as the fixed effect with
month and year serving as random effects. The influence
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of soil physicochemical and microclimatic predictors on
root and soil OMF communities was tested by performing
redundancy analysis (RDA) with the vegan package in R.
To improve the fit of the RDA model, soil physicochemical
variables were first subjected to forward selection (forward.
sel) with adespatial package (Dray et al. 2016).

Results

Our [llumina MiSeq runs yielded > 33 million (33,326,134)
sequences across root and soil samples from which 63%
were successfully joined to 10,484,997 sequences. Of the
joined reads, 10% and 5% were discarded during quality
filtering and chimera filtering steps, respectively while 88%
of the sequences were dereplicated. A total of 1,055,470
sequences were subsequently used for clustering that yielded
8,936 OTUs. We further removed 2,271 singletons, and
1,870 non-fungal and 308 contaminant OTUs, and thus, the
remaining 4,487 OTUs represented the root and soil fungal
communities associated with P. cooperi. Rarefaction and
extrapolation curves revealed sufficient diversity saturation
in both sources (Fig. S1).

Selection and representation of OMF communities

From 4487 fungal OTUs identified in roots and soil, 579
OTUs belonged to the fungal families known to host OMF,
hereafter referred to as “OMF OTUs.” Of these 579 OMF
OTUs, P. cooperi roots hosted 382 OTUs, whereby Cera-
tobasidiaceae (206 OTUs) and Tulasnellaceae (101 OTUs)
represented 80% of the OMF OTUs and > 99% of OMF
sequences (Fig. S2). Soil fungal community from all sites
combined, on the other hand, was composed of 359 OTUs
from fungal families known to host OMF. In the order of
dominance, Thelephoraceae, Tulasnellaceae, Agaricaceae,
Ceratobasidiaceae, and Tricholomataceae collectively rep-
resented > 75% of the OMF community in soil (Fig. S2).
Of these, Ceratobasidiaceae was represented by 89 OTUs
while Tulasnellaceae was represented by 54 OTUs. Given
the strong dominance of Ceratobasidiaceae and Tulasnel-
laceae in root OMF communities, we retained these two
families in roots and soil to examine the co-distributions of
OMF OTUs that are preferred by the orchid.

When we examined the overlap of Ceratobasidiaceae
and Tulasnellaceae OTUs recovered from roots and soil,
112 OTUs were common to both. Of these, 67 belonged
to the Ceratobasidiaceae and the remaining 45 belonged to
Tulasnellaceae. Altogether, the 112 OTUs accounted for
87% of all OMF sequences within roots (Table 1), while
they accounted for 23% of the OMF communities in soil.
To determine the effect of selection of 112 OTUs on OMF
diversity, we calculated and compared the effective number
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of species by using 112 and 382 OTUs (total number of
OTUs belonging to Tulasnellaceae and Ceratobasidiaceae).
The effective number of species showed a high correlation
(Pearson ?=0.80,P< 0.001) between the two datasets,
thus we retained the 112 OTUs that were detected both in
roots and in soil for all analyses presented below.

OMF communities in the context of host population
size

Sampling effort to capture OMF diversity across both popu-
lation size groups was sufficient (Fig. S3). And, considering
that the results from both the complete and the subsampled
datasets mirrored each other, we are retaining the results
based on the complete dataset here. The o diversity of 112
OMF OTUs in roots was higher (H, = 4.18; P < 0.001) in
larger populations in comparison with small populations
(H, =2.27). The OMF community structure was also dissim-
ilar between large and small populations (+* = 0.24, pseudo-
Fi)174 = 55.35, P = 0.001, Table 2). ANCOM detected 29
OTUs as differentially abundant between large and small
populations (false discovery rate (FDR) < 0.05 for all).
Nineteen of the 29 differentially abundant OTUs belonged to
the Tulasnellaceae and were more abundant in larger popu-
lations, representing > 75% of the root OMF communities.
These same Tulasnellaceae OTUs only accounted for 11%
of the OMF communities in small populations. In contrast,
the 10 differentially abundant Ceratobasidiaceae OTUs rep-
resented a smaller proportion (< 0.01%) of the root OMF
community in larger populations while they represented 64%
of the OMF communities in smaller populations.

When examining the community structure of the 112
OMF OTUs in soil, the o diversity in soil was also larger

Table2 Weighted Bray-Curtis dissimilarity index based permuta-
tional multivariate analysis of variance (PERMANOVA) of root and
soil orchid mycorrhizal fungal (OMF) communities of Platanthera
cooperi. Root and soil samples collected from six populations (PLF,
PLE, SCE, SCW, CH, and MX) across 3 years were analyzed in rela-
tion to population size

Source Df SumSq R’ Pseudo-FF P
Roots
Population size 1 12.107  0.24134 55.352 0.001
Residuals 174 38.06 0.75866
Total 175 50.167 1
Soil
Population size 1 3.157  0.0795 9.7588  0.001
Residuals 113 36.552  0.9205
Total 114 39.709 1

Df = degrees of freedom, Sum Sq = sum of squares, Pseudo-F = F
values obtained with permutations, P = P values obtained with 999
permutations

(H, = 3.16) in larger populations than in smaller popula-
tions (H, =2.27; P = 0.006). We also detected dissimilarity
in the structure of soil-associated 112 OMF OTUs between
large and small populations (+* = 0.08, pseudo-F ;3 = 9.75,
P =0.001; Table 2). ANCOM detected only 2 OTUs as dif-
ferentially abundant between large and small populations
(FDR < 0.05 for both), both belonging to Tulasnellaceae that
were also differentially abundant in root OMF communi-
ties. Hierarchical clustering with the 112 shared OMF OTUs
grouped both root and soil OMF communities of the two
large populations (SCE and PLF) together (Fig. 1b).

Network analyses of root and soil OMF OTUs

We used the 112 OMF OTUs shared between roots and
soil to create independent OTU networks for root and soil
communities of each of the four populations (Fig. 2). After
filtering edges with absolute SparCC correlation > 0.6
from each network, a total of 129 nodes and 2372 edges
were used to compare the structure of root and soil OTU
networks of four populations (Fig S4). Network diameter,
density, and clustering coefficient were 5, 0.29, and 0.54,
respectively. The most abundant OTU (OTU8712 belonging
to Tulasnellaceae) in roots and soil showed highest meas-
ure of betweenness (819) and degree (106) centrality in the
network (Fig. 2). We identified five communities (identified
by union of networks in CompNet that uses the method out-
lined in “igraph” software (Csardi and Nepusz 2006)) from
OTU networks of four populations of which communities
1, 3, 4, and 5 were highly enriched in roots and soil of two
large populations (PLF and SCE) with subtle differences
between the two (Fig. 3a). In contrast, two small populations
(PLE and SCW) showed differential and pronounced enrich-
ment of either community 2 or 5 in roots and soil (Fig. 3a).
Large populations also showed a higher number of edges
(SCE = 1496, PLF = 530) in comparison with small popu-
lations (PLE = 242, SCW = 394). Moreover, edge distribu-
tion showed higher overlap between two large populations
in comparison with small populations (Fig. 3b). Based on
the similarity of neighboring nodes, two large populations
clustered more closely to each other in comparison with
small populations (Fig. 3c). Overall, the OMF community
networks were more similar between large populations in
comparison with small populations.

Phylogenetic placement of the 112 OMF OTUs
present in roots and soil

Of the 45 Tulasnellaceae OTUs, 44 grouped together in a
single clade; within this single clade, a majority clustered
exclusively while four OTUs were somewhat segregated and
associated with sequences reported from temperate terres-
trial orchid genera Cypripedium and Gymnadenia (Fig. S4).
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Fig.2 Union of orchid mycorrhizal fungal (OMF) operational taxo-
nomic unit (OTU) networks hosted by root and soil of four popula-
tions of Platanthera cooperi. A total of 112 OTUs belonging to
Ceratobasidiaceae and Tulasnellaceae were used. The nodes from

Tulasnellaceae OTUs derived from P. cooperi did not show
close phylogenetic relationships with sequences derived
from other Platanthera species except OTU 7449, which
was nested within a clade representing Tulasnellaceae OTUs
previously recovered from P. yadonii, P. chlorantha, and P.
pollostantha. Almost all of the 67 Ceratobasidiaceae OTUs
recovered from P. cooperi also segregated from the refer-
ence sequences in the ML tree. Within the separated clade,
however, the Ceratobasidiaceae sequences exhibited a wider
phylogenetic breadth by segregating in multiple sub-clades.
Ceratobasidiaceae OTUs from P. cooperi associated with
sequences reported from other terrestrial orchids including
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Spiranthes, Goodyera, Platanthera, Rhizanthella, Coelo-
gyne, Epipactis, and Limodorum species (Fig. S5).

Affinities of the 112 OMF OTUs toward soil
physicochemical analytes and microclimate

Soil: When soil profiles were compared across the six study
populations, large and small populations showed differences
in soil phosphorus (P) concentrations (large = 181 mg/l,
small = 32 mg/l, P = 0.01; Table S1). Based on the four
soil analytes (Zn, P, OM, and silt) that were identified by
forward selection, the RDA explained variation (F = 2.16,
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Fig.3 Community analyses of orchid mycorrhizal fungal (OMF)
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P =0.011) in OMF communities associated with roots and
soil of P. cooperi (Fig. 4). Only RDA1 was identified as
the significant axis (F = 4.7, P = 0.029) explaining 30%
of the variation in root and soil OMF communities. RDA1
showed highest absolute biplot score for Zn (0.89) followed
by P (— 0.59), while the species scores were highest for a
Ceratobasidiaceae OTU [OTU7535 (0.65)] and a Tulasnel-
laceae OTU [OTU8712 (— 0.38)]. Accordingly, we observed
higher relative abundance of OTU8712 and concentration of
phosphorus (P) and lower relative abundance of OTU7535
and zinc (Zn) content in two large populations (SCE and
PLF) that clustered together (Fig. 4).

Microclimate: Of the four measures of microclimate,
soil temperature was higher in small populations (18 °C)
when compared with large populations (17 °C; P < 0.001;
Table S2). The RDA model composing of air temperature,
soil temperature, relative humidity, and precipitation, how-
ever, failed to explain (F = 1.85, P = 0.07) the distinct struc-
tures of root and soil OMF communities in large and small
populations.

Discussion

It has been posited earlier that orchid mycorrhizal commu-
nities and microenvironment could shape orchid population
dynamics by affecting orchid seed germination, seedling

emergence, and flowering (Hutchings 2010; McCormick
et al. 2018). However, although previous studies have
reported some relationships between orchid abundance
and OMF communities at local scales (McCormick et al.
2016; Voyron et al. 2017), the effect of OMF communities
on orchid population ecology at regional scales spanning
the distribution range of species has not been studied exten-
sively. Moreover, linkages of root OMF communities with
their corresponding structure in the substrate or with micro-
environment are rarely reported. Herein, we report one of
the first few sets of evidence for linkages among population
size, root and soil OMF communities, and microenvironment
associated with Platanthera cooperi. We show that popula-
tion size of this rare, terrestrial orchid is clearly linked to
the composition of OMF communities in its roots and soil
and that the fungal community structures are in turn shaped
by soil chemistry.

In this study, the two most widely recognized OMF fam-
ilies, Tulasnellaceae and Ceratobasidiaceae, dominated the
roots and soil communities of P. cooperi; however, their
distinct distribution patterns were clearly linked to the
population size. Specifically, the fungal family Tulasnel-
laceae was more abundant in roots and soil of large popu-
lations while Ceratobasidiaceae was dominant in smaller
populations. Further, the structure and co-occurrences of
OMF OTUs in roots and soil were more similar for the
two large populations compared with small populations.

Fig.4 Redundancy analyses
(RDA) with 112 Ceratobasi- L
diaceae and Tulasnellaceae
operational taxonomic units
(OTUs) identified within roots
and habitat soil of Platanthera Population
cooperi across six popula- CH
tions (PLE, PLF, SCE, SCW, *
CH, MX) with respect to the 0.5 1 o MX
corre§p0nding. soil physico- _ e PLE
chemical predictors. Root and 2
soil samples were pooled to o e PLF*
combine samples collected ~ SCE*

i <
across multiple years. Of the 18 a
variables that were measured x SCwW
over multiple years, phosphorus
(P), zinc (Zn), organic matter 00 -
(OM), and silt were identified ’
as most relevant by forward
selection. Large populations are Source
marked with an asterisk (*) e Roots

4 Soll
(
-0.5
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Our findings support the observations by Jacquemyn et al.
(2015) who reported concordance between root and soil
OMF communities of a rare orchid Neottia ovata, but in
contrast to our results, mycorrhizal communities of N.
ovata were independent of the size of its populations. It
should be noted, though, that N. ovata displays a more
generalist approach in its selection of OMF compared with
P. cooperi, which might explain its lack of OMF specific-
ity in the context of its population size. Our results also
support the previously reported local scale role of irregu-
larly distributed OMF in soil in giving rise to patchy dis-
tributions of orchids (McCormick et al. 2016; Oja et al.
2017). With the increasing evidence for the latter pattern,
McCormick et al. (2018) suggested a potential positive
effect of OMF abundances on population size of orchid
species. Our results clearly support the hypothesized link,
while also considering the factors that might govern OMF
abundances in soil.

Higher relative abundances of Tulasnellaceae associated
with large populations of P. cooperi suggest their ecologi-
cal advantage over Ceratobasidiaceae. Provided that OMF
partners differ in their efficiencies in inducing seed germi-
nation (Sharma et al. 2003; Otero et al. 2005; Swarts et al.
2010) and accessing nutrients (Nurfadilah et al. 2013), the
differences in soil fungal profiles, combined with preferen-
tial selection by the orchid, are likely to influence population
size by regulating germination, vegetative, and/or reproduc-
tive success of orchid individuals (McCormick et al. 2018)
(McCormick et al. 2018). In fact, we also observed that
regardless of their size, populations that hosted flowering
individuals also hosted higher relative abundances of Tulas-
nellaceae in roots and soil, suggesting a role of mycorrhizal
community structure in reproductive fitness of individuals
(Fig. S6). Although experimental evidence for phenology
related fungal selection or succession is currently pending
for P. cooperi, Bidartondo and Read (2008) have previously
reported in situ germination of Epipactis and Cephalanthera
seeds with a wider range of OMF while higher specificity
was implicated in the transition of a protocorm to seedling
stage. To date, studies of orchid-OMF interactions have
heavily, and understandably, emphasized the role of fungi
in inducing seed germination (McCormick et al. 2018) while
fungal regulation, via specificity or abundance, of phenolog-
ical progression and reproductive fitness is poorly addressed.
Simultaneously, orchid populations might persist weakly at
sites where the preferred fungal OTUs are scarce by asso-
ciating with secondary OMF partners. This might also be
a result of low OMF diversity and higher heterogeneity in
OMF community composition among small populations in
comparison with the large ones. The specificity of P. cooperi
toward Tulasnellaceae in the context of population size in
our study parallels the patterns observed in another terres-
trial orchid, Isotria medeoloides, where higher abundances

of preferred OMF in soil increased the post-dormancy emer-
gence of plants (Rock-Blake et al. 2017).

The structure of OMF communities could be influenced
by the chemical and physical characteristics of a substrate
(Bunch et al. 2013). For instance, McCormick et al. (2012)
reported higher abundances of OMF taxa in soil amended
with organic materials in comparison with un-amended
soil. Furthermore, both substrate type and environmental
conditions are implicated in influencing OMF selection by
orchid roots (McCormick et al. 2006), whereby Goodyera
pubescens switched its OMF partner during drought con-
ditions although the study did not test whether the switch
occurred due to any simultaneous changes in soil OMF
abundances. Ideally, establishing empirical or observational
links between abiotic environment, OMF community struc-
ture in substrates, and orchid response would help detect
independent and codependent mechanisms that alter mycor-
rhizal behavior of orchids. In our study, Zn, P, OM, and silt
explained the dissimilar community structures of OMF in
roots and soil across variably sized populations of P. coop-
eri. OMF communities in larger populations were operating
under increased phosphorus in soil, whereas the OMF com-
munities in small populations were exposed to high organic
matter, zinc, and silt in its soil. In contrast, a study by Mujica
et al. (2016) from central Chile observed a higher abundance
of Ceratobasidiaceae (as opposed to Tulasnellaceae) in roots
of Bipinnula fimbriata at locations with high phosphorus.

While the coupling of OMF communities and soil physi-
cal and chemical environment associated with P. cooperi
was evident, we did not observe an influence of microclimate
on OMF communities. Although larger populations experi-
enced lower soil temperature in comparison with the smaller
populations, an undetected link between microclimate and
OMF communities might surface if sample size could be
increased. Provided that cooler air temperature can improve
population fitness in orchids (Hutchings 2010; Shefferson
et al. 2018), cooler soil temperature may also either directly
increase plant fitness in terrestrial orchids, or may improve
access to nutrients by increasing OMF abundances in soil.
Lower soil temperature could also increase soil moisture,
which is known to increase OMF abundances in soil and
orchid seed germination (Diez 2007; Jacquemyn et al. 2015;
Waud et al. 2017).

To conclude, we show that the demography of a rare
temperate terrestrial orchid is linked to a combination of its
biotic and abiotic niche preferences. Together, cooler soil,
higher phosphorus, and lower zinc appear to facilitate higher
abundances of Tulasnellaceae OTUs that are preferred by
P. cooperi across its phenology (seedlings, vegetative, and
reproductive plants). On the other hand, sites that are domi-
nated by the Ceratobasidiaceae under an environment that is
warmer and high in zinc and organic matter may only sup-
port smaller populations of the orchid with noticeably fewer
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reproductive individuals. Our study adds support for the
hypothesis that fitness of orchid species is linked to abun-
dances of preferred OMF in the substrate and that the spatial
variation in OMF abundances in soil is likely governed by
the edaphic and microclimatic characteristics of the soil. To
the best of our knowledge, this is only a second study after
Jacquemyn et al. (2015) that links orchid demography with
both biotic (fungal community structure) and abiotic (soil
physical, chemical, and climatic environment) predictors
simultaneously. Surely, additional studies are warranted to
understand the effect of soil environment and fungal com-
munities on orchid demographies, especially considering the
wide diversity of orchid lifestyles ranging from subterranean
achlorophyllous species relying completely on their fungal
partners to epiphytic mixotrophs residing in high canopies
of tropical trees, distribution patterns ranging from wide
to extremely narrow, and fungal preferences ranging from
wide to extremely specific for fungal taxa that are rare in
substrates. The direct effects of soil physicochemistry and
microclimate on orchid populations also warrant attention
to determine the relative contributions of biotic and abiotic
environments in orchid niches. It is possible that while dis-
tributions of orchids with narrow and specific fungal niches
depend on fungal distributions, which may or may not be
governed by microclimate, demographies of widely dis-
tributed orchids with wider OMF preferences may be more
directly regulated by microclimate instead.
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