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Abstract: Despite the immense amount of diversity present in the soil biota, the ecological and
evolutionary processes that regulate species diversity and abundance of ectomycorrhizal (ECM)
fungi across space and time remain elusive. In forest ecosystems, ECM fungal diversity may be
maintained by periodic disturbances which operate at different time scales due to their effects on
host genetic and phenotypic characteristics and the associated environment. To investigate the
degree to which these factors shape ECM fungal community composition and function, I sampled 10
independent sites for a pine species indicative of an endangered ecosystem, the Florida scrub, where
disturbance history has driven the divergence of a single species into two genetically distinct varieties
(Pinus clausa var. immuginata and var. clausa). A total of 300 ECM fungal species were identified based
on rDNA ITS sequences, but each variety harbors different ECM species composition and function.
A follow-up greenhouse experiment, in which the seed from each variety was grown in its own soil
(“home”) and in the soil of the other variety (“away”), suggests these communities differentially
impact the growth of their host seedlings. While var. clausa seedlings had the same total biomass
regardless of soil origin, var. immuginata had higher biomass in their own soil compared to var. clausa.
This is likely due to an increased number of ECM colonized tips in the home soil compared to in
away soil. Taken together, these results may suggest different evolutionary histories where structure
host genetic and phenotypic characteristics may be important for structuring their dynamics with
ECM fungi.
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1. Introduction

The soil biota contains an enormous amount of global biodiversity; however, our
ecological understanding of the processes that regulate the abundance and species diversity
of soil microorganisms across space and time is limited [1,2]. It has been suggested that
microbial communities represent complex adaptive systems in which exogenous factors
(such as disturbance) modulate endogenous dynamics (such as the relative abundance
of community members) [3], but the degree and nature to which this framework applies
to ectomycorrhizal (ECM) fungal community remains elusive. In this study, the extent
to which host varieties dictated by a history of disturbance shape the composition and
function of the ECM fungal community is investigated.

ECM fungi and their plant hosts have a long ecological and evolutionary history
important for understanding forest ecosystems. It is estimated that 8000 species of plants
and between 7000 and 10,000 species of fungi are capable of forming ECM relationships [4]
and trees have coevolved with ECM fungi for at least 90 million years [5]. ECM fungi
chiefly associate with woody species in boreal, temperate, and tropical forests where they
affect host growth and water /nutrient absorption [6]. These relationships are particularly
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important for conifer hosts, as they form obligate associations and play a pivotal role in
both the survival and regeneration of their hosts [6,7].

Forest ecosystems are greatly influenced by both human-induced and natural distur-
bances, altering their composition, structure, and functional processes [8]; however, the role
disturbance plays in altering ECM fungi associated with forests is an area of developing
research. Exposure to disturbance agents that operate at different temporal and spatial
scales may impose differences in the age structure and regeneration dynamics of popula-
tions, increasing their population-level phenotypic and genetic diversity [9-12]. Since ECM
fungal communities respond differently to variation in phenotypic and genetic diversity of
hosts across populations [13,14], this may lead to differences in ecological and evolutionary
feedbacks which vary among disturbance types. As disturbance frequency and intensity
increase with climate change, understanding these feedbacks is vital for understanding
vegetation dynamics in frequently disturbed ecosystems.

In obligate ECM systems which require association with ECM fungi for survival, one
of the most important feedbacks to tease apart may be the effect these fungi have on the
regeneration and growth of seedlings. Genetic and phenotypic differences of the host have
long been known to alter seedling performance independent of ECM fungi [15]. However,
the relationship of seedling performance and host genetics to ECM fungi is less well
described. While some studies suggest seedling performance is more reflective of seedling
genetic and life history effects than ECM networks [16], other works suggest specific ECM
host genotype combinations are important for dictating seedling performance [13]. Despite
these mixed results, seedling performance can provide another important dimension for
understanding ECM responses to phenotypic and genetic differences in the host.

To fully understand these feedbacks, it's important to not only understand changes
in species composition, but changes in ECM fungal function. Capturing fungal function
has been an area of much debate, but exploration traits provide one avenue by which
ECM fungal functions can be illustrated [17,18]. These traits are based on the extramatrical
mycelium of the fungus which extends from ECM root tips into the soil to facilitate
nutrient uptake and transport, so the ECM fungi can acquire nutrients [17,18]. Variation in
exploration types allows fungi to acquire nutrients across a wide range of environmental
conditions and reflects differences among taxa in these strategies [17-19]. For example, long-
distance and medium-distance fringe exploration types potentially thrive in forest soils
with recalcitrant nutrient pools such as those from forests which regularly experience fire,
while ECM fungal species with contact-, short-, and medium-distance smooth exploration
types are more likely to be present in labile nutrient pools characteristic of soils disturbed by
hurricanes [18,20-22]. Understanding the effect of ECM fungi on ecosystem processes stich
as nitrogen and carbon cycling has greatly benefited from a trait-based approach [23,24].
More recently, this approach has been important for understanding the role of biotic and
abiotic factors for shaping fungal communities [25,26]. Thus, fungal exploration types,
in conjunction with species richness patterns, may be important for understanding ECM
community responses to host differences.

Sand pine (Pinus clausa (Chapm. ex Engelm.) Vasey ex Sarg.) is an ideal species to
tease apart the effects of host differences on ECM fungi, as there are two distinct varieties
of sand pine differentiated primarily by their geographic distribution and dependence on
disturbance. The two varieties include both inland and coastal strand populations and are
separated by about 100 km; var. clausa (Ocala sand pine) occupies peninsular Florida and
var. immuginata D.B. Ward (Choctawhatchee sand pine) occurs primarily in the Florida
panhandle (Figure 1). Populations of var. clausa are characterized by a high proportion
of individuals with serotinous cones and depend on fire for stand regeneration [11,27,28].
In contrast, var. immuginata is distinguished by open cones and is subject to smaller
but more frequent disturbances in the form of hurricanes and extra-tropical cyclones with
occasional spot fires [11,27,28]. In addition to these phenotypic differences, the two varieties
differ in their genetic backgrounds, such that differences in mean genetic distances and
allele frequencies between populations of each variety are greater than for those of the
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same variety [12]. Despite their ecological importance, few studies have considered the
relationship between ECM fungi and either variety of Pinus clausa (P. clausa) in natural
settings (but see [29] for nursery inoculations). Consequently, there is little baseline data
to draw from for inferring the relationship how these important fungi potentially play
in mediating host responses to disturbance, even though disturbance is important for
structuring the phenotypic and genetic background of the host populations.

JDO

25 Pinus clausa var. clausa .
2> <
® Pinus clausa var. immuginata °
I I I [ |
-88 -86 -84 -82 -80

Figure 1. Range map of Pinus clausa sourced from [28] with the location of study stands. Site
abbreviations and descriptions can be found in Table 1.

Most natural environments are subject to fluctuations over time, potentially increasing
environmental heterogeneity and altering ECM community structure and diversity. To
investigate the degree to which these historic dynamics shape the ECM community, the
ECM fungal community from both varieties of sand pine was sampled directly from their
roots. Via the sequencing of the ITS rDNA gene cluster, ECM fungal communities for
adult trees of P. clausa from 10 sampling sites in Florida were identified (five from each
variety; Figure 1). The extent to which sand pine variety shaped the structure and diversity
of the ECM fungal communities, whether these patterns were consistent, and when the
community was evaluated as a function of exploration type instead of species identity
were then assessed using multivariate modeling methods. Additionally, the potential for
differences in the ECM fungal community to influence seedling regeneration was assessed
in a reciprocal transplant greenhouse experiment where seedlings were grown in soil from
both their own variety (“Home”) and from the other variety (“Away”). Both seedling
and fungal responses were measured to better understand the role ECM fungi play in
structuring seedling regeneration after disturbance.
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Table 1. Locations and average diameters at breast height (DBHs; cm) for the sampling of Pinus clausa.

Site Abbreviation Location Name County Latitude Longitude Average DBH
Pinus clausa var. clausa
CAT Ocala National Forest Marion 29°03' N 81°51' W 92
CED Cedar Key Scrub State Reserve Levy 29°11' N 83°01' W 89
HHO Highlands Hammock State Park Highlands 27°29' N 81°31' W 88
JDO Jonathan Dickinson State Park Martin 27°01' N 80°07' W 94
SAR Englewood Water District Sarasota 26°57' N 82°21' W 136
Pinus clausa var. immuginata
ST] St. Joseph Peninsula State Park Gulf 29°48' N 85°25' W 76
HEN Henderson Beach State Okaloosa 30°23' N 86°28' W 66
Recreation Area

EIN Eglin Air Force Base Okaloosa 30°29' N 86°24' W 81
BLA Big Lagoon State Recreation Area Santa Rosa 30°18' N 87°24' W 72
ALP Alligator Point Franklin 29°56' N 84°22' W 70

2. Materials and Methods
2.1. Field Sampling Methods

Five sites of P. clausa var. clausa and five sites of P. clausa var. immuginata were surveyed
based on their distributions within the identified species range, accessibility, and previous
record of research [11,12,27,30] (Figure 1, Table 1). P. clausa was the dominant ECM species at all
sampling sites, but occasional turkey oaks (Quercus laevis), Myrtle oak (Quercus myrtifolia), Sand
live oak (Quercus germinata), and Chapman'’s oak (Quercus chapmanii) were observed throughout
the range. None were present near the sampled trees, ensuring that the only roots colonized by
the ECM fungi present in the system were from P. clausa trees. Samples were collected under
Permit Number 03041410 from the Florida Department of Environmental Protection.

Between 27 May and 3 June 2014, I haphazardly sampled five trees at each site that
were similar in size as determined by diameter at breast height (DBH; Table 1). The distance
between the two farthest spaced trees was approximately 5 m except for in Ocala National
Forest (Table 1: CAT), in which the furthest distance was 138 m. To obtain a representative
sample of each tree, four soil cores (one from each cardinal direction underneath the
dripline around a focal tree) were collected per tree per site (total 20 cores per site). Each
core was 10 cm in diameter and 20 cm deep (excluding litter). The samples were transported
to the laboratory at the University of Mississippi in insulated coolers. Once at the lab, the
samples were stored at 4 °C until processed (approximately 21 days), during which time
the surrounding soil and root samples were kept intact.

2.2. Field Characterization of the ECM Fungal Community
2.2.1. Fungal Sequencing and OTU Generation
Laboratory Processing of Root Samples and Morphotyping

For each sample, rhizosphere soil was removed from roots by handwashing cores over
a 2 mm sieve, and all roots within a sample were pooled and examined using a dissecting
microscope. All root tips present in the sample were counted using a hand tally counter,
and tips colonized by ECM fungi as evidenced by the presence of the fungal mantle were
recorded. For root tips with ECM fungal colonization, morphological distinctions such
as color, texture, branching patterns, and emanating hyphae or rhizomorphs were used
to classify each colonized root tip into a morphotype (sensu [17,18,26]). Two root tips per
morphotype per core were then subject to DNA extraction for molecular identification with
Sanger sequencing. All root sample processing and morphotyping occurred within 21 days
of collection.
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DNA Extraction and Sequencing

DNA was immediately extracted from root tips after morphotyping using compo-
nents of a Sigma Extract-N-Amp extraction kit (Sigma-Aldrich, St. Louis, MO, USA). Ten
microliters of the Sigma Extraction Buffer were added to each root tip, heated to 65 °C for
10 min and 95 °C for 10 min and then neutralized with 30 pL of the Sigma Neutralization
Solution and 60 pL PCR-grade water. After extraction, the samples were stored at —20 °C.

The fungal-specific forward and reverse primers, ITS1F and ITS4 [31], were used to
amplify the ITS1-5.85-1TS2 region using the protocol outlined in [32]. Successful ampli-
fication was checked on a 1% agarose gel with SYBR® Safe DNA gel stain (Molecular
Probes, Eugene, OR, USA). Roughly 20% of the samples did not amplify with the default
settings; therefore, amplification reactions were repeated using the default methods, but
the number of cycles for denaturation, annealing, and extension was increased to 40 cycles.
A further 10% of these samples failed to amplify, so the DNA for these samples was diluted
to 1% DNA (1 uL DNA + 99 pL sterile PCR-grade water) and amplification reactions were
repeated using the same methods as the default, with 40 cycles for denaturation, annealing,
and extension. Approximately 5% of dilutions did not amplify with these settings, so
amplification was repeated with a lower annealing temperature (51 °C) and 35 cycles for
denaturation, annealing, and extension. A small portion of the samples that did not amplify
with the above modifications were re-run with an annealing temperature of 54 °C for 30
cycles or 33 cycles. Empty wells which were treated the same but did not include root tips
were run with each set of amplification parameters as negative controls; no amplification
was identified in these wells. Overall, DNA from at least one root tip per morphotype
observed in each sample was successfully amplified. In total, of the 1198 root tips collected
(from 376 morphotypes), 1106 were successfully amplified.

The enzymes Exonuclease I (Exol) and Antarctic Phosphotase (AP; New England
BioLabs, Inc., Ipswich, MA, USA) were used to remove excess primer and unincorporated
nucleotides. Five microliters of the PCR product were added to 0.5 uL Exol, 0.5 pL. AP, and
4.5 uL sterile PCR-grade water and incubated at 37 °C for 45 min, 80 °C for 20 min, and
4 °C for 5 min.

Sequencing was completed with the forward primer ITS5 [31] and the Big Dye Termi-
nator Sequencing Kit (v3.1, Invitrogen Corp., Carlsbad, CA, USA). Each reaction consisted
of 1 uL of the cleaned PCR product, 0.4 uL Big Dye Reaction Premix, 1.8 uL Big Dye 5 X
sequencing buffer, 0.5 uL of 10 uM concentration forward primer, and 6.3 uL. PCR-grade
water. Amplification conditions were 96 °C for 1 min, followed by 35 cycles of 95 °C for
30,50 °C for 20 s, and 60 °C for 4 min. Reactions were shipped overnight after drying
to the DNA Lab at Arizona State University in Tempe, Arizona. Big Dye reactions were
purified and read on an Applied Bioscience 3730 capillary genetic analyzer.

Sequence Assignment

When possible, fungal DNA sequences were corrected for ambiguous bases associated
with dye blobs manually in Geneious software (Biomatter Ltd., Auckland, New Zealand).
Sequences with >3% ambiguous bases or <200 base pairs long were removed. The rest of
the sequences were assembled into OTUs with 97% similarity using CAP3 software [33]
on the University of Alaska, Fairbanks (UAF) Life Science Informatics server as described
previously in [26,32]. Default settings were used except the following: maximum overhang
percent length = 60; match score factor = 6; overlap percent identity cut-off = 97; clipping
range = 6. This conservative approach has been successfully employed previously [34-36].
It assumes a 0.2-1.2% PCR error rate, unidirectional sequencing, and ~1.5% divergence of
the ITS region consistent within some species found at small spatial scales [37].

Best matches for the taxonomic affiliation of OTUs were determined using BLAST [38]
(nucleotide) searches with consensus fungal sequences from each OTU against the Interna-
tional Nucleotide Sequence Database (INSD) and the User-Friendly Nordic ITS Ectomyc-
orrhizal (UNITE) database [39]. Best matches were determined based on both similarity
and length of the match with preferences given to matches with named, cultured fungi
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and greater than 97% similarity (hereafter, “species”). Matches between 94% and 97%
similarity to a database sequence with an assigned species epithet or matching a sequence
identified only to genus were assigned into the respective genus and assigned a number
(e.g., Russulal). Similarly, matches with <94%, but >90%, were assigned to an appropriate
taxonomic family. Sequences of which the matches were <90% were removed from analyses.
If sequence matches among the two sequence repositories showed equal affinity or simi-
larity to multiple genera within a family, priority was given to the vouchered specimens
residing on the UNITE. ECM fungal status was assigned based on [40,41] using taxonomic
assignment. Strictly pathogenic species were eliminated from the data set. Morphotypes
within a site all matched the same species.

For fungal OTUs that were identified to species, fungal traits associated with forag-
ing strategy and foraging distance (exploration type) and ability to absorb water in less
than 15 s (hydrophobicity) [17,42] were assigned using the Determination of EctoMYcor-
rhiza database (DEEMY, http://www.deemy.de (accessed on 22 October 2020)). When
no species-level matches were available in the DEEMY, entries for congeners associated
with Pinus were surveyed since foraging-related functional traits are generally conserved
at the genus level [43]. If 90% of entries at the genus level agreed, consensus trait values
were assigned (sensu [25,26]). Trait assignment was matched against the morphological
traits collected during tip colonization measurements. For assignments which differed
significantly, exploration type was assigned the status “unknown”. Exploration types were
then used to classify the extent of rhizomorph biomass accumulation. Long, medium-mat,
and medium-fringe distance exploration types were classified as high biomass, while the
remaining exploration types (medium-smooth, short, and contact) were classified as low
biomass [18].

2.2.2. Statistical Analyses

All analyses were done with R statistical software, version 4.0.3 [44]. The abundance
of colonized tips was pooled by tree within a site (across all four soil cores) before analyses.
For multivariate analyses, in order to place all species abundances on the same relative
scale, the abundance of each ECM fungal species was relativized by the total abundance
observed in the data set [45].

To assess the sources of variation in the ECM community due to the variety and fungal
foraging strategy, dissimilarity indices using the Bray—Curtis method and permutational
manova based on 1000 permutations were calculated with the adonis function from the
vegan package [46]. Analyses were repeated to account for the variation in a site, such
that adonis permutations were restricted using the “strata” argument with the site as
the grouping variable. This analysis was visualized using NMDS plots with the Bray-
Curtis method implemented with the metaMDS function in the vegan package and the
ggplot2 package [46,47]. To identify fungal species or foraging strategies which associate
significantly with either variety, correlation indices were calculated with the multipatt
function from the indicspecies package [48].

Alpha diversity (ECM fungal diversity recovered from a single tree) was estimated
using both the Chaol index and the Shannon diversity index with functions in the vegan
package—estimateR to determine the Chaol index and diversity to determine the Shannon
index [46]. Variation in richness and diversity between variety was determined using
linear models with the Ime function and variety or environmental variables as the predictor
variable(s) and site as a random effect. Analyses were repeated using the DBH as a
covariate, but results were not qualitatively different from when it was excluded; therefore,
results without the covariate are presented here.

The frequencies of different ECM fungal foraging strategies were calculated by variety
(across sites) and by site (across trees) as the proportion of total identified tips for a
particular fungal trait belonging to each variety or site. It was then analyzed with Pearson’s
chi-squared tests from the xtabs function in the stats package to determine differences
driven by variety and/or site [44].
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2.3. Greenhouse Experiment
2.3.1. Experiment Description

To assess the degree to which plant-soil feedback structures the relationship between
P. clausa varieties and their soil, a factorial greenhouse experiment in which seedlings
were reciprocally grown in soil harvested from the stands of their own variety (“Home”)
and the other variety (“Away”) was conducted. Each treatment combination (var. clausa
Home vs. Away, var. immuginata Home vs. Away) was replicated three times within five
blocks for a total of 60 seedlings. The seeds were manually extracted from approximately
20 pine cones directly collected from three sites of each variety (var. clausa: Highlands
Hammock State Park, Jonathan Dickinson State Park, and Cedar Key Scrub State Reserve;
var. immuginata: Henderson Beach State Park, Alligator Point, and Big Lagoon State Park).
To ensure enough viable seeds per variety were available, the seeds were then pooled by
variety. Soil was collected from the same sites as where the seeds were located during the
previously described sampling trip, stored in cold storage at 20 °C for 12 months and then
pooled by variety to be consistent with seed source.

This study was conducted in a greenhouse at Wright State University. Prior to plant-
ing, the seeds were stratified at 4 °C for four weeks and then germinated in a potting
medium (Metro Mix 360; Sun Gro Horticulture Inc., Agawam, MA, USA) and grown for
6-8 weeks. The seedlings were carefully removed from the germinating flats, checked for
ECM colonization to ensure they were nonmycorrhizal prior to the experiment and then
planted into D16 Deepots (Stuewe and Sons, Inc., Tangent, OR, USA) with approximately
900 g of field collected soil. The seedlings were planted into pots in December 2016 and
allowed to grow until May 2017, at which time they were destructively harvested. During
this time, the temperature in the greenhouse was kept between 22 °C and 25 °C. The
seedlings were grown in full sunlight and were watered every other day.

Over the course of the experiment, survival and relative growth rate (RGR) were
assessed. To estimate the RGR, the length of the longest needle-bearing stem was measured
on each plant. RGR was estimated as (In(h2) —In(h1))/(number of days), where h1 is the
length of needle-bearing stem at planting and h2 is the length of needle-bearing stem at
harvest. Total biomass, root:shoot biomass allocation, and specific root length (meters per
gram of root) on all surviving seedlings were measured at harvest. Plant root and shoot
were separated at harvest and roots were further separated from the soil, dried at 60 °C
for 72 h and weighed to determine final biomass. Plant root length was estimated using
a grid-intersect method [49], and the number of root tips colonized by fungus was noted
(“Number of colonized tips”). Colonization density (“colonization”) was calculated by
dividing the total number of colonized tips by the root length for that sample.

2.3.2. Statistical Analyses

Variation in biomass, height, and RGR between variety and soil source was assessed
using linear models with the Ime function with block as a random effect and variety,
soil source, and their interaction as fixed effects. Variation in the number of colonized
tips was assessed using generalized linear models with the glmer function from the /me4
package [50] and Poisson error distribution with block as a random effect and variety,
soil source, and their interaction as fixed effects. Variation in colonization was assessed
using linear models with the /me function with block as a random effect and variety, soil
source, and their interaction as fixed effects. The relationship between number of tips
colonized and plant biomass as a function of plant variety and soil source was assessed
using the Ime function with plant biomass as a response variable, block as a random effect,
and the number of colonized tips, variety, soil source, and their interaction as fixed effects.
Significant interactions were subject to Tukey’s HSD post-hoc tests using the glht function
from the multcomp package [51]. All analyses were done with R statistical software, version
4.0.3 [44].
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3. Results
3.1. Field Characterization of the ECM Fungal Community
3.1.1. Overall ECM Fungal Community Description

The ECM fungal community was identified from a total of 39,094 ECM colonized root
tips (var. clausa: 17,888 and var. immuginata: 21,206) and consisted of 300 OTUs from 44
families from 376 originally identified morphotypes. Analyses were restricted to the top
100 OTUs from 30 families. This resulted in 35,185 ECM colonized tips, 90% of the total
identified colonized tips (Figure 2A). The three most common families were Russulaceae
(48% of total tips), Gloniaceae (25% of total tips), and Cortinariaceae (8% of total tips;
Figure 2B). The fungal sequence data for this project have been submitted to the GenBank
databases under the accession numbers KX898986-KX899904.

3.1.2. Community Structure as a Function of Variety

Alpha diversity was similar for var. immuginata and var. clausa for both the Chaol
index (Figure Al; F; g = 1.0535; p = 0.3347) and the Shannon index (Figure A1l; F; g = 1.0989;
p = 0.3251).

Mycorrhizal community similarity was visualized in ordination plots (Figure 3), and
community composition showed significant structuring by variety (R? = 0.04, p = 0.005).
Russulaceae5 (p = 0.007) and Russulaceae3 (p = 0.039) were strongly and significantly
associated with var. clausa, while Russulaceae40 (p = 0.026) and Russula5 (p = 0.034) were
significantly associated with var. immuginata.

0 L it Russulaceae25
Amanitat Lactarius
Amanita2 Lactarius imperceptus Russulaceae31
Amanitaceae2 Lactarius sp NC 2 8346 Russulaceaed0
Amanitaceaet Lactifluus1 Russulaceae46
Boletaceae3 Oidiodendron1 Russulaceae51
Boletopsis grisea Oidiodendron2 Russulaceae54
Boletus1
Boletus2
Cenococcum Russulat Russulaceae64
Ce g Russulaceae67
|| Chaetothyriales3 Russula3 Russulaceae68
Clavulinaceaet Russulad Russulaceae69
Clawulinaceae4 Russulas Russulaceae70
D Cortinariaceae3d Russulaé Russula cf flavisiccans BB2004 219
Cortinariaceae6 Russulal2 Russula cf uncultured
Cortinariaceae9 i Russulal9 - Russula cyanoxantha
Cortinarius2 Russula21 Russula pectinatoides
Cortinariuss | | Russulaceaet || Aussuta sp 3 RB 2011
|| Eraphomycest Russulaceae2 Russula sp LM2482
Elaphomycetaceae3 Russulaceae3 Suillaceae2
Entoloma Russulaceaed Thelephoraceae1
Glomeraceae RussulaceaeS Thelephoraceae2
Hebeloma | | Russulaceaes Thelephoraceaed
Helotiales2 | | Russulaceae? Thelephoraceae10
|| Helotialess Russulaceae8 Thelephoraceae13
I Helotiales6 | Russulaceaes Tomenteliat
Helotiales sp CM18m7 Russulaceae10 Tomentella2
| | ichi 1" Tomentellas
Hydnaceae Russulaceae15 Tricholoma1
Lactarius2 Russulaceae18 Tuberaceae
- - ) Lactarius3 Russulaceae22 Tylopilus2
CED ENG HHP JOP ONP ALP BL EAB HEN ST Lactarius4 Russulaceae24 | Other
var. clausa var. immuginata

(A)

Figure 2. Cont.



Forests 2021, 12,219 90f18

1.00
0.
Family

Amanitaceae
Boletaceae
Clavulinaceae
Cortinariaceae
Elaphomycetaceae
Gloniaceae
Hydnaceae
Myxotrichaceae
Russulaceae
Thelephoraceae
Other

0

0.00

CED ENG HHP JOP ONP ALP BL EAB HEN s

var. clausa var. immuginata

(B)

Relative Abundance
°
8 a3

»
R

Figure 2. Relative abundances of major fungal OTUs (A) and families (B) recovered from Pinus clausa var. clausa and
Pinus clausa var. immuginata. Relative abundance of families was calculated as the proportion of sequences belonging to
a particular lineage of all ITS (fungi) gene sequences recovered from each site. Only those OTUs which represent >90%
of the total tips were identified separately via color, while the remaining OTUs were grouped into an “Other” category
for visualization.
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Figure 3. Nonmetric multidimensional scaling ordinations for fungal communities as a function of host variety. Points
represent communities recovered from individual trees of Pinus clausa var. clausa (salmon) and Pinus clausa var. immuginata
(blue). Ellipses indicate 95% confidence intervals, while arrows specify significant indicator species associated with
each variety.
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3.1.3. Distribution of Fungal Traits Involved with the Foraging Strategy

Of the 39,094 colonized root tips, 38,969 were successfully assigned exploration types.
While it was not possible to resolve some of the OTUs beyond the family level, the fungal
traits identified here, particularly rhizomorph biomass and hydrophobicity, are also con-
served at the family level. This is particularly true for the dominant family Russulaceae.
The distribution of fungal traits associated with the foraging strategy was dependent upon
host variety for exploration type (x? = 1463.5, p < 0.0001). Specifically, ECM fungi with
short distance (p = 0.002), medium distance fringe (p < 0.0001), or contact (p < 0.0001)
exploration types were most common for var. immuginata sites, while ECM fungi with the
medium distance smooth (p < 0.0001) of long distance exploration type (p = 0.0004) were
more prominent for var. clausa sites (Figure 4A).
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Figure 4. Fungal trait distribution for Pinus clausa variety across sites for exploration type (A), rhizomorph biomass (B), and
hydrophobicity (C). The frequency of colonized tips was calculated as the proportion of total identified tips for a particular
fungal trait belonging to each variety (Pinus clausa var. clausa (salmon) and Pinus clausa var. immuginata (blue)). The dotted
line represents a frequency of 50% (equal likelihood the trait occurred in either variety).

Both var. immuginata and var. clausa had a higher portion of ECM fungi with low
biomass compared to those with high biomass (x? = 281.7, p < 0.0001; Figure 4B) and higher-
portion hydrophilic fungi compared to hydrophobic (x* = 281.4, p < 0.0001, Figure 4C).

3.2. Greenhouse Experiment

Both total biomass (F130 = 4.2659, p = 0.0476) and shoot biomass (F; 39 = 4.5431,
p = 0.0414) were significantly altered when the seedlings were grown in home versus away
soil, but this effect depended upon host variety (variety x soil source). While total and
shoot biomass for var. clausa were not different in home vs. away soils, var. immuginata was
smaller in away compared to in home soils (Figure 5). Root biomass did not statistically
significantly differ between home and away soils independently or as a function of variety
(p > 0.05).



Forests 2021, 12, 219

110f18

4.
5 A - var. clausa
A E:H var. immuginata
o
4.0 A
L]
S 35
E
(9]
8 B
IS
ksl
@ 30 1
>
kel
[
25 L o° o |
° o
° o
20 °
B
4.5 A
o
4.0 A
3.5 A °
>
E o
3 30 Ol e B
£
(X S °
=4 o
Ke] 950 O
25 o 0°
e °o o
'J o ©0
)
° ° o o—1|
2.0
L]
o
1.5
C
’ A
L]
2 o ® A
=) ° oo o
£ o
- 0 o
g o 70"
C 1 Fpo° o
=3
kel
o
L]
L] L]
0
Home Away
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grown in soil from their own variety (“Home”) or soil from the other variety (“Away”). Each

treatment combination (variety x soil source) consists of 15 seedlings (3 per block). Letters indicate

differences based on Tukey’s HSD tests.
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Soil source did not statistically significantly alter final height at harvest or relative
growth rate either as main effects (height: p = 0.2745; RGR: p = 0.7419) or interacting with
host variety (height: p = 0.3896; RGR: p = 0.3989). However, final height at harvest (variety:
F1,30 =5.911, p = 0.0212) and RGR (variety: p = 0.0031) were greater for var. clausa compared
to for var. immuginata, regardless of soil source.

The P. clausa var. clausa seedlings had more ECM colonized tips (variety: p = 0.0119)
and greater colonization (variety: Fj3; = 7.6056, p = 0.0097) than the var. immuginata
seedlings, but soil origin did not affect these results (soil source: p > 0.05). However, soil
origin mediated the total biomass response of the seedlings to ECM colonization (number
colonized tips x variety X soil source: Fy 56 = 4.005, p = 0.0505). While the var. clausa
seedlings with more ECM colonized tips grew larger regardless of soil origin, the var
immuginata seedlings grown in home soils grew larger with more ECM colonized tips but
the seedlings grown in away soils grew smaller with more ECM colonized tips (Figure 6).

. y=3.0+0.05 x R*=0.01
Home
0 I:y=2.7—0.18x R?=0.43
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35
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Figure 6. Total plant biomass as a function of number of colonized tips for the Pinus clausa seedlings
from the var. clausa (salmon) and var. immuginata (teal) varieties grown in their own soil (“Home”;
solid line with circle points) or soil from the other variety (“Away”; dashed line with triangular
points). Regression statistics are also included.

4. Discussion

While the soil biota is comprised of an enormous amount of global biodiversity, our
understanding regarding the processes that determine species diversity and abundance of
soil microorganisms across space and time remains unclear [1]. The research presented here
indicates the ECM community of P. clausa was unique to variety (Figures 3 and A1), and
this extended to differences in seedling performance (Figures 5 and 6). These results suggest
that periodic disturbances which operate at different time scales in forest ecosystems to
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create differences in the age structure and regeneration dynamics of tree populations, as
well as increasing phenotypic and genetic diversity across populations of the same tree
species, are also important for shaping the mycorrhizal community [9-12].

Host variety was particularly important for describing differences in the ECM fungal
community structure and diversity. The ECM fungal community was clearly grouped
into two distinct communities based on host variety (Figure 3). A more diverse ECM
fungal community was identified from var. immuginata than from var. clausa (Figure A1).
Selection by the environment is one process suggested to be important for shaping soil
microbial community composition [52,53]. Although not directly measured here, soils
throughout the entire range of P. clausa are characterized as sandy dune soils with low water
holding capacity and low nutrient status [12,28]. The similarities in sampling environments
across this range suggest alternative mechanisms such as those related to traits of the
host are responsible for shaping these patterns. Host range size also potentially structures
EM fungal communities [54], but a more diverse ECM fungal community was identified
from var. immuginata than from var. clausa despite var. immuginata’s smaller range
size (Figures 1 and A1l). Taken together, these results could suggest that the pronounced
differences in ECM fungal community structure and composition between the two varieties
reflect their genetic differentiation due to variation in disturbance history. This further
suggests that periodic disturbances not only structure host species [11,12,27,28] but may
also be important for ECM fungal community structure and diversity.

Not only was variety a significant structuring factor of mycorrhizal assemblages
(Figure 3), there were three OTUs significantly associated with var. clausa and two OTUs
significantly associated with var. immuginata. Specifically, the OTUs Mycenal, Russulaceae5,
and Russulaceae3 were strongly and significantly associated with var. clausa, while Rus-
sulaceae40 and Russula5 were significantly associated with var. immuginata. It is perhaps
unsurprising that members of the Russulaceae were most likely to exhibit signatures of
host specificity, as such, ECM fungi are generally classified as late successional fungi. Late
successional fungi are considered to be highly competitive species with a narrow host
range, whereas ECM fungi regarded as early colonizers employ a nonspecific strategy in
regard to host plant colonization [55,56]. This indicates that ECM fungal communities in
this study have likely evolved a degree of host specificity, despite experiencing episodes of
periodic disturbance.

Unfortunately, there were a large number of OTUs that could not be resolved past the
family level (Figure 2). The vast majority of these arise from the family Russulaceae, one
of the most species-diverse ECM lineages, which encompasses the ECM genera Lactarius,
Lactifluus, and Russula [57]. While species of Russulaceae are common in forest ecosystems,
they are underrepresented in molecular databases. This is likely due to the fact that they are
difficult to grow in culture which limits the ability to extract DNA of high molecular weight
used for such databases [58]. When such specimens are present in molecular databases,
they often arise from economically important temperate coniferous or deciduous forests
which may not fully reflect the fungi found in the study presented here, which focuses
on a rare and threatened subtropical forest. The same can be said for fungi from the
Thelephoraceae, which were also prominent in this study. The limitations of databases in
these ways is increasingly recognized [58,59]. As these limitations are resolved, assignment
of fungi beyond the family level for these and other important ECM families are likely to
improve.

Using a trait-based approach to studying ECM fungal ecology may provide important
insights beyond those using species identity to understand the effect of periodic distur-
bances on the fungal community. This study revealed important differences in the ECM
fungal traits as a function of host variety. Specifically, ECM fungi with the long distance
exploration type were more common for var. clausa sites while ECM fungi with the medium
distance fringe or contact exploration types were most common for var. immuginata sites
(Figure 4), but there was no differences in the frequency of ECM fungi with the medium
distance smooth or short distance exploration type between the two varieties. Since ECM
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fungi belonging to the short, contact, and some medium distance exploration types form
rhizomorphs that do not require as much carbon to construct as those from long distance
exploration types, conditions that favor increased carbon allocation belowground are likely
to favor long distance exploration types. In contrast, conditions which favor low allocation
to belowground carbon are likely to favor other exploration types. Such conditions are
likely for var. clausa, which has historically been regulated by stand clearing fires thought
to increase soil carbon content [20,56,60] and may be less likely for var. immuginata, which
has historically been regulated by hurricanes that are likely to increase soil nitrogen avail-
ability [61,62], although neither phenomena have been fully tested in the P. clausa system.
This suggests that differences in ECM fungal exploration types for host variety may be
attributed to disturbance history, but future research is needed.

The seedling responses to soil origin revealed further differences in host variety.
Specifically, larger var. clausa plants always have more ECM fungi, regardless of soil origin,
but the same is not true for var. immuginata plants which only exhibit this relationship
when grown in home soil (Figure 6). When the var. immuginata seedlings are grown in soil
from the var. clausa sites, larger plants have less colonized tips, suggesting an adaptive
relationship for var. immuginata to the ECM fungi from their home sites, which does
not extend to the ECM fungi from var. clausa sites (Figure 6). This pattern in plant-soil
feedbacks suggests seedling responses to the ECM fungal community may have arisen
through a variety of mechanisms including variation in succession for either the plant or
fungal community due to differences in stand age or local adaptation to variation in the
environment [63]. Differing disturbances such as those that structure the phenotypic and
genetic background of P. clausa present the opportunity for locally adaptive relationships
to develop, but more work in this system is needed to solidify this mechanism.

Despite the promising results presented here, the ability to interpret mechanisms
driving these results is limited for both the greenhouse and field study. Ideally, experi-
ments which control for abiotic factors like precipitation or temperature and biotic factors
(e.g., pathogen presence) are needed to fully determine the extent to which phenotypic
and/or genetic differences in the host also describe differences in microorganism com-
munities. While the greenhouse study presented here fulfills these two qualifications,
it is lacking a proper control to better understand whether host genotype is driving the
interactions presented here [63]. Such a control would include a factorial manipulation
growing both genotypes in a common sterilized soil with the ECM community from either
their own variety (“Home”) or that of the other variety (“Away”). Perhaps the ultimate
test for determining the mechanisms driving the patterns presented here would involve
a field study in which P. clausa seedlings from both varieties are grown in the same loca-
tion and monitored for an extended period of time. To date, no such study exists with P.
clausa. Therefore, future studies seeking to understand the degree to which differences in
host traits reflective of the two varieties of P. clausa drive differences in ECM community
composition and its subsequent effects on seedling growth are needed.

5. Conclusions

The frequency and intensity of disturbances are likely to increase due to changing
climatic conditions [8], so understanding how fungal communities respond to periodic
disturbances is increasing in importance. Bridging this knowledge gap may be particularly
important for pine species which form obligate relationships with their ECM fungi. The
research presented here indicates that mycorrhizal assemblages of P. clausa vary with host
variety, suggesting periodic disturbances which are important for structuring host dynam-
ics can also lead to differences in the microbial community structure. Future research which
teases apart the contributions such disturbances make to host genetics and/or phenotypic
characteristics from the environment for structuring mycorrhizal communities is needed
to elucidate potential mechanisms important for understanding the full implications of
these results.
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