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1 | INTRODUCTION

| Jo Anne Crouch’

Abstract

The microbiome associated with ornamental plants has largely been neglected, de-
spite its potential for impacting plant health. This work characterized the composi-
tion, diversity, and microbial co-associations in the soil microbiome associated with
species and cultivars of plant in the genus Buxus (common name boxwood), a group of
woody perennial shrubs commonly used in residential landscapes and found in native
ecosystems. Soil was collected from 82 individual curated boxwood accessions at the
U.S. National Arboretum National Boxwood Collection. Amplicon libraries targeting
archaea, bacteria, and fungi were generated and sequenced using the lllumina MiSeq
platform. Identification of individual sequence variants resulted in 275 archaeal,
15,580 bacterial, and 7,525 fungal taxa. Neither spatial distance among samples nor
association with different types of boxwood were significant predictors of soil mi-
crobiome composition. However, archaeal and bacterial diversity was significantly
different in soil from distinct types of boxwood. Co-association networks indicated
that archaea and bacteria show greater evidence of being keystone taxa than fungi.
Overall, this work demonstrates the potential for targeting specific keystone taxa to
shift the soil microbiome associated with these boxwood accessions and that plant-
ing different species or cultivars in the landscape may shift the diversity of prokary-

otic microorganisms.
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Vivanco, 2012; Fierer, 2017; Walters et al., 2018). Despite the po-

tential to leverage the microbial diversity in soil to influence plant

Soilborne prokaryotic and eukaryotic microorganisms play essential
functional roles that influence the growth of plants in natural and
managed ecosystems. The importance of these microbial groups has
motivated efforts to understand their ecology in global ecosystems
and develop ways to manipulate their impacts on plants through
management or plant breeding (Bakker, Manter, Sheflin, Weir, &

growth, aside from work in turfgrass (Beirn et al., 2017; Crouch,
Carter, Ismaiel, & Roberts, 2017), relatively little research has fo-
cused on plants that are cultivated for their ornamental traits.
Plants in the genus Buxus (commonly called boxwood) have a
long history of cultivation as woody ornamental shrubs (Batdorf,

2004). As a group, these plants are a substantial economic sector
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of for the horticultural industry, most recently valued at 120 million
dollars per year in the United States (USDA-National Agricultural
Statistics Service Census of Agriculture 2014 reports). Three species
of boxwood are commercially important for the horticulture indus-
try: B. sempervirens (European boxwood, the most common), B. mi-
crophylla, and B. sinica (Japanese and Korean boxwood, respectively,
Niemiera, 2012). However, approximately 90 species of boxwood
have been described. This broader genetic diversity is an essen-
tial resource for the genetic improvement of these plants (Pooler,
2017) and an important component of global terrestrial ecosystems
(Domenico, Lucchese, & Magri, 2012).

Though boxwood are notable for their resistance toward plant
diseases (Batdorf, 2004), recent emergence of the disease box-
wood blight poses a significant threat to the health of these plants
(LeBlanc, Salgado-Salazar, & Crouch, 2018). Currently, there are
few management options for effectively controlling boxwood blight
(Palmer & Shishkoff, 2014) and the most widely grown boxwood
are highly susceptible to the disease (LaMondia & Shishkoff, 2017;
Shishkoff, Daughtrey, Aker, & Olsen, 2015). In addition, the more re-
cent emergence of the box tree moth insect pest has further compli-
cated the ability to maintain healthy boxwood in native ecosystems
and urban landscapes (Kenis, Nacambo, Leuthardt, Di Domenico, &
Haye, 2013). Considering the limited options for controlling box-
wood blight and the box tree moth, leveraging the soil microbiome
to suppress the causal pathogen of boxwood blight in soil or induce
system resistance in plant foliage may serve as alternative solutions
for disease and insect control.

The purpose of this work was to perform a descriptive study of
variation in the prokaryotic and eukaryotic components of the soil
microbiome associated with one of the most diverse collections of
boxwood germplasm in the United States. This germplasm collection
is maintained at the U.S. National Arboretum and serves as aresource
for boxwood improvement (Pooler, 2017), including the identifica-
tion of genetic resistance to plant diseases (LaMondia & Shishkoff,
2017; Shishkoff et al., 2015) and insect pests (d'Eustachio & Raupp,
2001). Focusing on this collection, we addressed three basic ques-
tions regarding the ecology of the soil microbiome associated with
these plants: (a) does variation in plant genetic background influence
the soil microbiome, (b) is there evidence of microbial dispersal lim-
itation, and (c) do certain taxonomic groups show greater evidence
of being keystone taxa in the soil microbiomes associated with this
collection of plant germplasm? By focusing on these questions, this
work provides the first step toward developing understanding the
soil microbiome associated with boxwood and a platform for fu-
ture research focused on developing applications for improving the

health of these plants.

2 | MATERIALS AND METHODS

2.1 | Field sampling

Field sampling was performed at the U.S. National Arboretum
(USNA) National Boxwood Collection in Washington, DC, USA
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(https://www.usna.usda.gov/discover/gardens-collections/boxwo
od-collection) in June 2016. Plants at this site are cared for by a
full-time professional horticulturist, and garden beds are mulched
seasonally using mulch generated on-site at the USNA. Soil was sam-
pled from the upper 20 cm of soil of 82 individual boxwood plants.
Soil was collected using a 15.9 mm diameter hand-held auger posi-
tioned between 13 and 26 cm from the boxwood trunk, based on
ability of the auger to penetrate the soil and accessibility under the
canopy. Among the 82 sampled plants, 75 have been formally clas-
sified by the USNA, including Buxus harlandii (n = 3), B. microphylla
(n = 20), B. sempervirens (n = 48), and B. sinica (n = 4; Table S1). Due
to the abundance of B. sempervirens in the collection, 10 cultivars
of this species were sampled with a minimum of three replicates.
Where possible, replicates of individual boxwood species or B. sem-
pervirens cultivars were selected from different beds within the
National Boxwood Collection (see Figure 1 for spatial arrangement
of soil samples within the USNA). Soil samples were processed to re-
move all but the section of the soil core occupied by boxwood roots
to a depth of 7 cm. Soil was passed through a #20 screen (Newark
Wire Cloth Co., Newark, NJ) to remove root debris and stored at
-20°C until DNA extraction.

2.2 | Amplicon library sequencing

DNA was extracted from the 82 soil samples using the MoBio
PowerSoil® kit (Qiagen, MD, USA). Amplicon libraries were gener-
ated from extracted DNA using primers targeting 16S rRNA for ar-
chaea and bacteria and the internal transcribed spacer (ITS) region
for fungi (Table S2). Taxon-specific primers were appended with
lllumina-compatible adapter sequences and variable bases at the
5' ends to introduce sequence heterogeneity as described in Beirn
et al. (2017). Each library included a negative control reaction using
sterile water as a template.

Two rounds of PCR were used, the first to create taxon-spe-
cific libraries from soil DNA and the second to tag the amplicons
with lllumina Nextera indices and flow cell compatible sequences.
All PCR reactions were performed using a C1000™ Thermal Cycler
(Bio-Rad, CA, USA). The first round of PCR used 25 pl reactions
with the following ingredients: 5 ul NEB Tag 5X Master Mix (New
England Biolabs, 0.5 pl forward and reverse primers (10 pM), 18.5 pl
water, and 0.5 pl DNA (10 ng/ul). Reactions were run with the fol-
lowing program: 30 s 95°C, 34 cycles of 30 s 95°C, 55°C, 68°C,
followed by a final extension for 5 min at 68°C. Amplification was
quantified using a QlAxcel capillary electrophoresis system (Qiagen,
CA, USA). Taxon-specific libraries were pooled in equal molar con-
centration for each sample, cleaned using ZR-926 DNA Clean and
Concentrator™ purification columns (Zymo Research, CA, USA),
and used as a template for the second round of PCR. The second
round of PCR used 40 pl reactions with the following ingredients:
8 ul NEB Tag 5X Master Mix, 10 ul of each i5 and i7 Nextera indexes,
7 ul of water and 15 pl of template. Reactions were run with the
following program: 3 min at 72°C, 30 s at 95°C, 12 cycles of 10 s
at 95°C, 30 s at 55°C, 30 s at 68°C, followed by a final extension
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step for 5 min at 68°C. Amplicons were purified as described above,
quantified using a Qubit fluorometer, and pooled in equal molar con-
centrations. Libraries were sequenced in a single run with a 30%
Phi-X spike-in using 301 bp paired-end sequencing v3 chemistry on
a MiSeq sequencer (lllumina, CA, USA). Raw sequence data are de-
posited at NCBI's Sequence Read Archive as BioProject accession
PRJNA503120.

2.3 | Sequence variant identification and
classification

Adapter traces and primer sequences were removed using cuta-
dapt v1.14. For each sample, libraries targeting the three microbial
groups were de-multiplexed prior to sequence variant identifica-
tion. Sequence variants were used instead of operational taxonomic
units (OTUs) based on their advantages of reproducibility and bio-
logicalinterpretation (discussed by Callahan, McMurdie, and Holmes
(2017) and Knight et al. (2018)). Sequence variants were identified
using the Divisive Amplicon Denoising Algorithm (DADAZ2) as im-
plemented in R v3.5.1 (Callahan et al., 2016; R Development Core
Team, 2015). This algorithm models and corrects sequence errors
from lllumina data generated from amplicon libraries and has in-
creased accuracy relative to commonly used OTU-based pipelines
(Callahan et al., 2016). Prior to use of DADAZ2, fastq files were fil-
tered to remove sequences with ambiguous nucleotides and filtered
sequences were truncated to 240 bp. As paired-end sequences did
not overlap for the 16S rRNA archaeal and bacterial libraries, only
forward reads were used in further steps. Sequence error rates
were estimated and corrected to identify individual sequence vari-
ants using default parameters of the DADA2 algorithm (see online
methods in Callahan et al., 2016). Chimeras were identified and re-

moved using the isBimera function in the DADA2 package, which

identifies chimeras as sequences that are derived from two differ-
ent sequence variants.

Taxonomic classification of the sequence variants was per-
formed using the Ribosomal Database Project (RDP) classifier
(Wang, Garrity, Tiedje, & Cole, 2007) implemented in mothur v1.39.5
(Schloss et al., 2009). The SILVA database release number 128 was
used for bacterial data, Greengenes 2013 database for archaeal data
(poor taxonomic resolution for the predominant type of archaea in
these data prevented the use of the SILVA database), and the UNITE
version 6 database for fungal data (Schloss et al., 2009). Sequence
variants classified outside of the targeted microbial groups or found
in the negative controls were removed prior to further analysis. All
subsequent analyses used sequence variants and abundance of se-

quences classified to a given variant.

2.4 | Statistical analyses

Statistical analyses were performed in R v3.5.1 (R Development
Core Team, 2015). All statistical analyses treated sequence variants
as the taxonomic unit. Variation in sequence depth among samples
was accounted for by rarefying data matrices to the sample with
the fewest number of sequences. One-way analysis of variance
(ANOVA) was used to test for significant differences in taxonomic
richness among the three microbial groups. Additional statistical
analyses treated each microbial group independently, and principal
coordinate analysis was performed using Bray-Curtis distances to
evaluate evidence for compositional differences among soil sam-
ples from different boxwood species. A Mantel test was used to
determine if there was a linear relationship between dissimilarity
among microbial communities and physical distance (i.e., distance-
decay relationship) among sample locations. Community dissimi-

larity was calculated based on Bray-Curtis distance, and physical
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distance was calculated as Euclidean distances between the sam-
pled plant locations at the USNA National Boxwood Collection
(Figure 1). Both analyses were performed using R package vegan
(Oksanen et al., 2018).

The remaining statistical tests only included data from the 75 soil
samples from boxwood plants whose taxonomic identity was resolved
below the genus level. Analysis of similarities (ANOSIM) was used to
test for significant differences in the composition of the microbial
groups among boxwood species and B. sempervirens cultivars using
Bray-Curtis dissimilarity calculated from rarefied sequence abun-
dance data. The R package DESeq2 was used to test for significant
differences in the abundance of individual taxa among boxwood spe-
cies and B. sempervirens cultivars (Love, Huber, & Anders, 2014). Taxa
found in only one sample were not included and comparisons among
boxwood species and cultivars were treated as independent analyses.
Significant variation among treatments (boxwood type) was tested
using likelihood ratio tests and significance values were adjusted for
multiple comparisons using the Benjamini-Hochberg false discovery
method. One-way analysis of variance (ANOVA) was used to test
for significant differences in Shannon diversity (H) among boxwood
species and cultivars of B. sempervirens. Post hoc comparisons were
made using Tukey's HSD test. Except where more stringent values are
noted, p-values in all analyses were considered significant when <.05.

Co-association networks were generated using the SparCC
python module (Friedman & Alm, 2012) and analyzed in the R en-
vironment. Networks were generated from the 82 samples based
on correlations in sequence abundance among archaeal, bacte-
rial, and fungal taxa. Pearson correlations were calculated among
taxa found in more than 41 (50%) soil samples. Pseudo-p-values
were calculated based on 100 replications. Correlations among
taxa were considered significant when represented by coefficients
>0.4 or <-0.4 and with pseudo-p-values <.01. Taxa that had pair-
wise connections but were not connected to any other taxa were
not used to calculate summary statistics for the network. Three
network summary statistics were calculated using the R package
igraph (Gabor & Nepusz, 2006). Network degrees was calculated
as the number of network edges leading to a node (i.e., taxon), be-
tweenness centrality was calculated based on how often a node falls
on the shortest path between nodes, and closeness centrality was
calculated as the mean distance from a node to all other network
nodes. Networks were visualized using the GGally (Schloerke et al.,
2018) package in R. Differences in the network statistics among
the three microbial groups were tested using one-way analysis of
variance (ANOVA), and post hoc comparisons were made using
Tukey's HSD test.

3 | RESULTS

3.1 | Sequence output and taxonomic classification

Following identification of sequence variants (hereafter referred
as taxa) and removal of sequence data from nontarget organisms, a

total of 8,370,868 sequences were classified within the three target
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groups, archaea, bacteria, or fungi. Among this total sequence output,
there was variation in sequence depth among individual samples. The
smallest sample was represented by 19,940 sequences and the largest
by 386,074 sequences (Mean = 102,084; SD = 65,640). The number
of taxa varied by an order of magnitude among the three microbial
groups across the 82 samples. Archaea were represented by 275 taxa,
bacteria by 15,580 taxa, and fungi by 7,525 taxa. One-way ANOVA
followed by post hoc comparisons indicated the number of taxa was
significantly different among the three microbial groups (F1,2 =193.1,
p <.001; TukeyHSD, p <.001). At the phylum level, 99% of the archaea
data were classified in the Crenarchaeota. In contrast, bacteria were
classified in 44 different phyla and fungi in eight phyla (Figure 2).

3.2 | Predictors of soil microbiome composition

The composition of archaea, bacteria, and fungi in soil was not sig-
nificantly influenced by spatial distance among samples or the pres-
ence of different types of boxwood. Based on principal coordinate
analysis, there was no clear differentiation within the three micro-
bial groups among different boxwood species (data not shown). In
addition, analysis of similarity (ANOSIM) tests showed no signifi-
cant differences in composition within the three microbial groups
in soil samples from different boxwood species or B. sempervirens
cultivars (Table 1). Comparison of distance matrices from the meta-
barcoding data and a distance matrix constructed from x- and y-co-
ordinates of the mapped sampling locations (Figure 1) showed there
was no significant relationship between microbiome composition
and physical distance among sample locations. This was observed
for all the samples or those collected only from the species B. sem-
pervirens (Table 1).

3.3 | Impact of boxwood type on microbiome
diversity and individual taxon abundance

There were significant differences in microbiome alpha diversity in
soil from different boxwood species and B. sempervirens cultivars.
In particular, archaeal richness was significantly different among
boxwood species (F;,, = 3.106, p < .05; Figure 3). Post hoc com-
parisons indicated the B. sinica samples had significantly higher
archaeal richness than B. microphylla or B. sempervirens samples.
Bacterial Shannon diversity was significantly different among the
ten cultivars of B. sempervirens (F2,29 =2.647,p < .05; Figure 4). Post
hoc comparisons showed the cultivars “Dee Runk” and “Pendula”
had significantly higher bacterial Shannon diversity than the cul-
tivar “Abeline”. Overall, these results indicate boxwood type can
influence the diversity of different taxonomic components of the
soil microbiome.

Boxwood species and cultivar had limited impacts on the abun-
dance of individual microbial taxa. None of the tested bacterial or
fungal taxa were significantly influenced by boxwood species or
cultivar (data not shown). Similarly, archaeal taxa were not signifi-
cantly influenced by boxwood cultivar. The single exception to the
nonsignificant associations was a single archaeal taxon in the order
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Nitrosophaerales, which was significantly influenced by boxwood

species.

3.4 | Co-associations among archaea,
bacteria, and fungi

A network graph was generated to quantify co-associations within

and among the three microbial groups as well as to identify keystone
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FIGURE 2 Relative abundance of microbial taxa in the soil microbiome. Data are summarized at the phylum level. Labels on the x-axis
represent the soil samples collected from the 82 boxwood accessions at the USNA National Boxwood Collection. The relative abundance
for archaea (a), bacteria (b), and fungi (c) is on the y-axis. Low abundance bacterial classification represents 36 phyla, each with less than

1% representation in the sequence data. Samples from the 82 boxwood germplasm accessions are on the x-axis and relative abundances of
different phyla are color-coded. Low abundance bacterial classification represents 36 bacterial phyla, each with less than 1% representation

in the sequence data
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TABLE 1 Tests for boxwood species X )
. g Test Archaea Bacteria Fungi
and cultivar type and spatial distance as
predictors of soil microbiome composition ANOSIM species (p-value)? 0.092 (.056) 0.063(.158) 0.061 (.176)
ANOSIM cultivar (p-value)b -0.028 (.618) -0.022 (.598) -0.05 (.741)
Mantel species (p-value)® -0.061(.888) -0.011 (.566) 0.009 (.395)
i -0.13(.901) 0.048 (.343) -0.048(.531)

Mantel cultivar (p-value
2Comparisons made among four species of boxwood. Number represents the test-statistic from

the ANOSIM output followed by the p-value in parentheses.
bComparisons made among 10 cultivars of Buxus sempervirens. Number represents the test-statistic

from the ANOSIM output followed by the p-value in parentheses.
“Test performed comparing distance matrices from microbial taxa with distance matrix from spatial
distances among all samples (see Figure 1). Number represents the Mantel coefficient followed by

the p-value in parentheses.
Test performed using samples collected only from Buxus sempervirens (n = 39).
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in the order Nitrosophaerales in the phylum Crenarchaeota. The was framed within a collection plant accessions with taxonomic

47 bacterial taxa were classified in five phyla. Rhizobiales was
most common bacterial order, represented by 17 taxa. The 35
fungal taxa were classified in the Ascomycota, Basidiomycota, and

designations (Thammina, Olsen, Kramer, & Pooler, 2016), it was
possible to evaluate predictors of microbiome composition and
test if the association with genetically different boxwood influ-
ences individual microbial taxa or the diversity within these mi-
crobial groups. In addition, we sought to identify which of these

microbial groups shows strongest evidence of containing keystone

Zygomycota. The most common fungal order in the network was
the Pleosporales, which was represented by 7 taxa.

taxa. Overall, this research provides insight into potential compo-
nents of the soil microbiome that could be targeted through future
management strategies to significantly alter soil microbiome dy-
namics and provides evidence that the growth of genetically dif-

4 | DISCUSSION

Despite the promise of using the soil microbiome to improve plant
health, little work has focused on soil microbiomes in landscapes
predominated by plants cultivated for ornamental purposes. The
purpose of this current study was to characterize archaea, bacte-
ria, and fungi as components of the soil microbiome of boxwood
germplasm accessions maintained at the U.S. National Arboretum
(USNA) National Boxwood Collection. As this observational study

ferent boxwood in the landscape will impact prokaryotic diversity.

One goal of this work was to test if variation in soil microbiome
composition across the USNA National Boxwood Collection was
predicted by spatial distance among sample locations or proximity
to different types of established boxwood plants. Multiple studies
have found evidence that similarity of prokaryotic and eukaryotic
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FIGURE 4 Variation in microbiome
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microbial communities decreases with increasing spatial distance,
suggested to be a result of dispersal limitation (Hanson, Fuhrman,
Horner-Devine, & Martiny, 2012). The growth of different plant
species and genotypes is also a known driver of compositional
differences among common prokaryotic and eukaryotic microbes
in soil (Edwards et al., 2015; LeBlanc, Kinkel, & Kistler, 2017).
However, the current study found no evidence that spatial distance
or boxwood type were significant predictors of the composition of
archaea, bacteria, or fungi in soil. The absence of a relationship be-
tween spatial distance and compositional differences of these mi-
crobial groups suggests that the predominant taxa within them are
not limited to specific areas within the USNA National Boxwood
Collection. However, nonlinear relationships between physical dis-
tance of the samples and microbiome dissimilarity were not tested.
Based on the absence of a strong plant species or cultivar impact,
with continued maintenance of the current boxwood accessions
and introduction of new germplasm into the National Boxwood
Collection, it is unlikely that there will be significant shifts in the
overall composition of the soil microbiome. Taken together, these
results suggest that efforts to manage keystone taxa and the pre-
dominant components of the soil microbiome in this landscape will
not be strongly influenced by the physical location or presence of
certain types boxwood plants.

Though the overall composition of the soil microbiome was
not influenced by the aforementioned factors, there was evidence
that presence of different boxwood species and cultivars may in-
fluence the diversity of archaea and bacteria in soil. These results
raise questions about the nature of these microbiome responses,
but also suggest that they could feedback on plant health. The
observation that archaeal diversity was significantly different
among boxwood species adds to a growing body of evidence that

this group of microorganisms may directly interact with plants.

Indeed, recent work has found archaea as common endophytes
of different olive cultivars (Miller et al., 2015) and part of the
heritable portion of the rhizosphere microbiome among maize
genotypes (Walters et al., 2018). Despite these examples, aside
from their well-known roles in mediating soil nutrient cycles, it is
unknown how variation in archaeal diversity could be leveraged
to improve plant health. In contrast, variation in bacterial diver-
sity has been linked to specific functional roles of the soil micro-
biomes, such as soilborne disease suppression (Gémez Expdsito,
Bruijn, Postma, & Raajimakers, 2017; Hu et al., 2016; Mehrabi et
al., 2016). Consequently, the observed variation in bacterial diver-
sity suggests microbiome-mediated pathogen suppression may
differ in soil under the influence of different types of boxwood
at the USNA. Future work will need to evaluate if these boxwood
type effects are reproducible across soil types or variable envi-
ronments when the plants are under pressure from diseases like
boxwood blight or infected with insect pests.

Another goal of this work was to identify which of the three
targeted taxonomic groups showed greatest evidence of being
keystone taxa in the soil microbiome at the USNA. Through anal-
ysis of co-association networks, we found that archaea and bac-
teria showed greater statistical evidence of being keystone taxa
than fungi. This conclusion was supported by the observation that
prokaryotes have a greater number of degrees and higher close-
ness centrality metrics than fungi, both of which are indicators of
keystone taxa (Berry & Widder, 2014) or predictors of “hub taxa”
(Agler et al., 2016). Among prokaryotic taxa, the archaeal order
Nitrosophaerales and bacterial order Rhizobiales were the most
common in the co-association network, showing similarities with
other studies (Barberan, Bates, Casamayor, & Fierer, 2012; Bonito
et al., 2019). Bacteria in the Rhizobiales have primarily been studied
for their ability to fix atmospheric nitrogen as symbionts in roots of
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FIGURE 5 Co-association network
and summary statistics. The network
graph represents significant correlations
among microbial taxa (nodes), color-coded
by microbial group. Boxplots show three
network summary statistics (y-axis) among
archaea, bacteria, and fungi (x-axis). Plots
without p-values indicate no significant
differences among the microbial groups.
Network degrees and closeness centrality
are significantly greater among archaeal
and bacterial taxa than fungi based on
TukeyHSD post hoc comparisons
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leguminous plants. However, there is growing evidence that non-
symbiotic Rhizobiales are abundant in rhizosphere and can have ad-
ditional functional impacts on plant physiology (Garrido-Oter et al.,
2018). Archaea in the Nitrosophaerales are common in soil (Bates
et al., 2011). Based on biochemical and genomic data, these micro-
organisms are thought to play a role in the oxidation of ammonia
(Stahl & de la Torre, 2012), a key step in the soil nitrogen cycle.
Considering this physiological trait, the high number of correlations
these taxa showed with the rest of the microbiome, including the
Rhizobiales, could be due to their ability to alter the type of nitrogen
in soil. The practical outcomes of these results are that managing
these ammonia-oxidizing archaea through cultural practices like
fertilization (Xue et al., 2016) could indirectly influence the func-
tional activity of the broader soil microbiome at the USNA.
Archaeal, bacterial, and fungal components of the soil microbi-
ome are not often characterized in the same study. However, the

growing trend derived from studies that have looked at these three

microbial groups is that ecological predictors of their diversity and
composition are not equivalent. For example, differences have been
found among these groups when characterizing their seasonal vari-
ation (Pereira e Silva, Dias, Elsas, & Salles, 2012), correlations with
soil physiochemical characteristics (Peay et al., 2017), and conti-
nental-scale biogeographic patterns (Ma, Dai, et al., 2016). At the
same time, the co-associations among archaea, bacteria, and fungi
demonstrated in this and other (Ma, Wang, et al., 2016) research
highlight the potential for these three groups to influence the activ-
ity of each other in soil across the landscape. Consequently, under-
standing and managing soil or host-microbiomes to improve plant
health through specific mechanisms like disease suppression should
benefit from a broader sampling of the different microbial groups
found in soil.

This work provides a first step toward addressing the significant
lack of research on the soil microbiome of landscapes harboring or-

namental plants. Though there are limitations specific to this work
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(e.g., the data are observational and it was not possible to collect soil
physiochemical data), the primary constraints are also reflected in
the majority of microbiome studies. Namely, the complex nature of
microbiomes limits our ability to identify which microbiome compo-
nents are actually interacting and how these interactions influence
host health. As advocated elsewhere (Busby et al., 2017; Vorholt,
Vogel, Carlstrom, & Miiller, 2017), future work in ornamental sys-
tems should pair meta-barcoding surveys with experimentation
using simplified microbial communities to understand the causal
relationships among inferred microbial interactions and how they
feedback on host health. Once these simplified communities are un-
derstood, gradually reintroducing the microbial diversity observed
in nature and use of controlled field experiments will help develop
a better framework for managing microbiomes for promoting orna-

mental plant health.
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