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Fungal and Bacterial Communities of Woody Plants at the Morris
Arboretum
Abstract

Microbial communities in the rhizosphere of plants play a critical role in terrestrial nutrient cycling. The
composition and abundance of bacteria and fungi has been attributed to a plant host effect and to microbial
host preference, as well as to the chemical and physical properties of soils. The goal of this study was to better
understand how the influence of plant host and soil properties affect the distribution of bacterial and fungal
communities across a variety of native (Eastern North America) and non-native (East Asian) plant taxa
planted in a single artificial setting. Soil samples from the Morris Arboretum of the University of Pennsylvania
(Philadelphia, PA USA) were selected from one native and non-native species from each of the following
genera—Acer, Quercus, and Pinus. To characterize a profile of microbial species associated with each tree,
DNA was extracted directly from soil samples in preparation for Ilumina amplicon sequencing of loci
targeting fungi (ITS & LSU rDNA) and bacteria (V4, 16S, SSU). A low concentration of high molecular
weight genomic DNA was extracted, suggesting that soil amendments, pesticide application, and slightly
elevated pH may be inhibiting microbial growth, and/or that seasonal fluctuations may considerably affect
microbial abundance at the Arboretum. Future work should aim to purify extracted DNA of any contaminant
prior to sequencing. Suggestions for more efficient soil maintenance are described in order to promote soil
microbes that facilitate nutrient uptake by their plant hosts.
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ABSTRACT:
Microbial communities in the rhizosphere of plants play a critical role in terrestrial
nutrient cycling. The composition and abundance of bacteria and fungi has been attributed to a
plant host effect and to microbial host preference, as well as to the chemical and physical
properties of soils. The goal of this study was to better understand how the influence of plant
host and soil properties affect the distribution of bacterial and fungal communities across a
variety of native (Eastern North America) and non-native (East Asian) plant taxa planted in a
single artificial setting. Soil samples from the Morris Arboretum of the University of
Pennsylvania (Philadelphia, PA USA) were selected from one native and non-native species
from each of the following genera—Acer, Quercus, and Pinus. To characterize a profile of
microbial species associated with each tree, DNA was extracted directly from soil samples in
preparation for Ilumina amplicon sequencing of loci targeting fungi (ITS & LSU rDNA) and
bacteria (V4, 16S, SSU). A low concentration of high molecular weight genomic DNA was
extracted, suggesting that soil amendments, pesticide application, and slightly elevated pH may
be inhibiting microbial growth, and/or that seasonal fluctuations may considerably affect
microbial abundance at the Arboretum. Future work should aim to purify extracted DNA of any
contaminant prior to sequencing. Suggestions for more efficient soil maintenance are described
in order to promote soil microbes that facilitate nutrient uptake by their plant hosts.
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INTRODUCTION
Soils are generally defined as the uppermost layer of Earth’s surface formed through the
accumulation of eroded rock material and degraded organic matter (Wild 1993). This layer can
be subdivided vertically into the organic horizon, the minerals and clay-organic horizon and the
weathered rock material and mineral horizon (Bruns & Slatar 1982; Subba Rao 1997). The
rhizosphere, or area of primary root influence, develops across these layers and provides a space
for the development of interactions between soil fungi, bacteria, and plant roots (Barea et al
2005).
The rhizosphere is not only an important region of soil biodiversity, but also the primary
region of nutrient exchange between plants and their microbial symbionts. The natural cycling of
carbon (C), nitrogen (N), and phosphorous (P) and the ability of a plant to uptake these nutrients
are often largely determined by the microbial community structure and species diversity in a
particular soil (Treseder 2004). It is generally understood that soil fungi and bacteria work
together to facilitate the uptake of P and N by plants, and in exchange a significant portion of
photosynthesis-derived carbon is transferred to soil microbes (Fajardo-López et al 2007; Deveau
et al 2008; Lamhamedi et al 1994; Leake et al 2004).
Specifically, plant-fungi-bacteria symbioses usually make use of available nitrate (NO₃-)
or ammonium (NH₄⁺) for their N intake. Bacteria (eubacteria and archaea) play a dominant role
in atmospheric N2 fixation, nitrification, and denitrification, while they facilitate ammonification
at more minor levels (Postgate 1987). The most common examples of N-fixing bacterial include
Rhizobium, Bradyrhizobium in association with legumes, and Frankia actinomycetes associated
with Alnus, Casuarina, Ceanothus and Myrica (Giri et al 2005). Fungal symbionts, specifically
those forming ectomycorrhizal (ECM) associations, play a more important role in soil
ammonification (Wainwright 1992; Lakhanpal 2000), while ECM participation in nitrification
remains less substantial (Giri et al 2005).
Phosphorous represents a more significant growth-limiting factor as unlike in the case of
nitrogen, it is not abundantly present in the atmosphere (Ezawa et al 2002). To overcome the
difficulties involved in P uptake, both bacteria and (more significantly) fungi release several
classes of enzymes that facilitate the uptake of phosphates (Tabatabai 1982; Schachtman et al
1998). In effect, soil bacteria and fungi can directly affect the ability of plants to occupy
ecosystems with soil chemistries otherwise inhospitable to their survival.
In a meta-analysis of mycorrhizal response to N, P, and atmospheric CO2, Treseder
(2004) showed that mycorrhizal abundance across studies decreased on average by 15% under N
fertilization and by 32% under P fertilization, while elevated CO2 led to a 47% increase in
colonization. This supports the hypothesis that mycorrhizal fungi are more abundant where
plants have limited access to N and P (Treseder et al 2004). Additionally, a lower soil pH
between 6.0 to 5.0 appears to positively affect ECM root colonization (Read 1991), and a lower
C:N ratio paired with increased soil acidity seems to have a similar effect on the presence of
ECM (Soudzilovskaia et al 2015).
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Bacterial taxa have also been shown to be optimally present at discrete pH intervals
(Fierer & Jackson 2006; Hartman et al 2008), although even within soils of similar pH host
specificity seems to play a larger role in moderating community structure (Bonito et al 2014).
Although the soil physical and chemical properties have been shown to affect the
richness and structure of bacterial-fungal-plant relationships, the effect of phylogenetic
specificity on host-microbe partnerships has yet to be fully understood across a wider variety of
both plant and microbe taxa (Bruns 1995; Huggins et al 2014; Öpik et al 2010). The difficulty in
better understanding phylogenetic specificity in these partnerships lies in the volumes of
environmental, geographic and species-related data required to do so. The last of these data are
particularly problematic because a high proportion of taxa operating within soil systems are still
unknown to science. It is estimated that only 10% of soil bacteria and 5% of soil fungi have been
described, and concerning known species it is still poorly understood how individual taxa
function within a single symbiotic network (Giri et al 2005, 48). Major questions preventing a
fuller understanding of bacteria-fungi-plant symbioses involve bridging host specificity and
biogeographic range with local environmental conditions affecting microbial populations in the
soil (Peay et al 2010; Tedersoo et al 2012; Öpik et al 2013).
The Morris Arboretum of the University of Pennsylvania was selected as an ideal
location to better understand how soil bacteria and fungi symbioses are formed with respect to
plant host-specificity and soil type, as well as how microbial rhizosphere communities develop
across a variety of plant taxa in a single location. Relatively few studies focus on artificially
planted areas, with the vast majority concentrating instead on natural settings, such as forests or
grasslands. Studies of tree nurseries (Bahram et al 2013) and agricultural plots (Liu et al 2014;
Williams et al 2014) begin to address questions related to microbial community structure in
disturbed or artificial settings, although they usually target a single plant host growing in
approximately uniform soil conditions. For example, Helgason et al (2013) made use of an
arboretum setting to quantify mycorrhizal activity across Acer L. (maple) specimens. However,
no study has conducted a diversity and community structure analysis in a similar setting across
several plant taxa.
One objective of this study was to conduct a preliminary survey of the soil microbial
diversity of the Morris Arboretum using high-throughput amplicon sequencing of soil samples
from Acer, Pinus (pine), and Quercus (oak) specimens. It is expected that fungal species richness
will be directly affected by soil pH and seasonal fluctuations. Fungal specificity to certain plant
taxa is predicted to vary at the genus level, while intragenerically fungal diversity is expected to
vary minimally between native and non-native plant hosts (Tedersoo et al 2013). Bacterial
communities are expected to be structured by host genus, although intrageneric differences in
bacterial community compositions are expected to be a result of local soil chemistry and pH
(Talbot et al 2014).
A secondary goal of this study was to show how a fungal-bacterial species diversity
profile can be utilized in horticulture and integrated pest management protocols, using the Morris
Arboretum as a case study.
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MATERIALS AND METHODS
Study Site and Sampling
Sampling was conducted in early November 2014 at the Morris Arboretum. Soil samples
were collected from ten individuals in Acer, Pinus and Quercus for a total of 30 specimens (Map
A, B). For each genus, one native and one non-native species were chosen for sampling based on
the criterion that each species was well distributed throughout the arboretum. The species pairs
were as follows (with the native species listed first in each pair): A. rubrum and A. griseum; P.
strobus and P. bungeana; Q. velutina and Q. dentate (Figure 1). Non-native specimens were
sourced from East Asia (Japan, Korea, and China), and eastern North American species were
considered to be native. Sampling redundancy between soil types was avoided by choosing
specimens as spatially separate from one another as possible.
Samples from five accessions for each of the six species were collected in November
2014. For each accession, soil cores were taken at three equidistant points from around the
circumference of the tree’s trunk. A major root was traced from the tree base to approximately
one to three meters radially outwards, so as to ensure that soil be collected from the rhizosphere
of the target specimen. The surface litter was removed and a mass of short roots was extracted at
approximately five to ten centimeters in depth. A total of three samples (labeled A, B, and C)
were collected for each tree specimen, for a total of 90 samples across all three genera. Each
sample was immediately stored in a cooler to prevent further microbial growth. Prior to being
processed for extraction, samples were stored in a freezer at -6° C.
Soil Preparation, Testing & DNA Extraction
Each soil sample was allowed to thaw and then immediately sieved through a 2mm mesh
to remove plant debris and rocks. Soil samples were then refrozen for downstream processes.
Soil pH was measured randomly for one of the three samples per specimen. The pH was
measured using a Mettler Toledo pH Meter and Sensor Samples by adding 2.5g of soil from a
thawed sample to 50mL of deionized H20.
To extract soil DNA, a subsample of approximately 0.15 to 0.25g was placed directly
into a bead tube from the PowerSoil® DNA Extraction Kit (MoBio, Carlsbad, CA USA). A gel
electrophoresis analysis was conducted to estimate the relative concentration of high molecular
weight genomic DNA. This DNA was frozen and stored at the Vilgalys Lab at Duke University,
Durham NC
PCR
PCRs were carried out in 20 µL reactions that included 10X REDTaq® PCR buffer
(Sigma-Aldrich Co. LLC, St. Louis, MO), 1.0 mM deoxynucleoside triphosphates (dNTPs), 10
mM forward and reverse primers, a 10% bovine serum albumin (BSA) solution, and one unit of
REDTaq® DNA Polymerase (Sigma-Aldrich Co. LLC, St. Louis, MO).
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To each 20 µL reaction mixture, 7µL of template DNA (undiluted) was added.
Thermocycler settings were 5 minutes at 95 °C, then 30 cycles at 95 °C for 1 minute, 52–62 °C
for 45 seconds and 72 °C for 1 minute, with a final extension for 7 minutes at 72 °C. Annealing
temperatures were 62 °C for ITS and LSU. PCR products were visualized through gel
electrophoresis (Figure 3).
Joining Frameshift Primers and Sequencing Adaptors
After target genes were successfully amplified, a modified procedure from Lundberg et al
(2013) was employed. Normal PCR was used to join Ilumina sequencing primer with frameshift
nucleotides and the initial DNA template. The use of frameshifts enhances library diversity, and
allows the Ilumina reading frame to begin at different starting positions, thereby mitigating
amplification biases. PCR attempts at this stage were unsuccessful, and future work should aim
to optimize initial PCR product for downstream applications.
Future Work
Sequencing
An Ilumina sequencing adaptor and a unique barcode per sample need next be joined
with the PCR product from the above procedures. Once samples have been barcoded, they can
all be pooled into a single tube. Next a clean-up should be performed to remove primer dimer
and small fragments. An Ampure XP bead clean up kit can be used to target 800 bp size
fragments as is appropriate for LSU. The clean-up protocol follows that described by Keats lab,
see http://www.keatslab.org/blog. Samples can finally be submitted to a sequencing facility.
Physical and Chemical Properties Testing
To determine other physical and chemical soil characteristics, samples should be sent to
the Pennsylvania State University College of Agricultural Sciences Agricultural Analytical
Services Lab for Soil Fertility Testing. Samples are analyzed for Mehlich buffer lime
requirement, and for phosphorus, potassium, magnesium, and calcium by the Mehlich 3 (ICP)
test. Additional analyses should be purchased to test for total nitrogen (combustion).

RESULTS
pH analysis
A soil pH analysis revealed that the average pH for Acer, Quercus, Pinus specimens was
6.84, 6.79, 6.73, respectively. The lowest overall pH was recorded from P. bungeana 1996584*A (5.90), while the highest overall pH was recorded from A. rubrum 1963-007*A (7.37).
Interestingly, native and non-native species separated into two approximately equal pH groups.
The average pH of native Acer, Quercus, Pinus specimens was 6.57, 6.51, and 6.53 respectively,
while the average pH on non-native Acer, Quercus, Pinus specimens was 7.11, 7.07, and 6.93,
respectively (Figure 2).
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PCR and Ilumina Sequencing
A gel electrophoresis analysis of DNA directly extracted from each soil sample suggested
an overall low concentration of high molecular weight genomic DNA (Figure 3A)
While the LSU, ITS, and V4 gene regions were successfully amplified, downstream
PCRs in preparation for Ilumina sequencing were not successful. The failure of PCR in joining
of a frameshift section and a sequencing adaptor for all samples may have been caused by
inhibiting factors present in the initially extracted soil DNA.
Suggestions for Generating Future Results
Future tests should make use of high throughput amplicon sequencing to delineate the
assembly of bacteria and fungi in the rhizosphere of sampled Acer, Quercus, Pinus species. For
fungi, the LSU and ITS loci should be favored as they have proven useful in many fungal
phylogenetic studies (Bonito et al 2014). The LSU region (28S rDNA) can be aligned across the
Kingdom and can be easily sequenced to identify taxa at the level of genus and/or species.
Likewise, the ITS rDNA locus is useful in discerning fungal species in community analyses due
to the high variability of the ITS1 and ITS2 regions (Schoch et al 2012). Additionally, the
reference databases for taxonomic assignment based on the ITS region is more developed and
robust than those for LSU (Kõljalg et al 2013). For bacteria, the V4 region of the 16S rDNA
(SSU) was successfully amplified to selectively detect any bacteria present (Bonito et al 2014).
Future efforts should concentrate on optimizing PCR reagent volumes, as well as to better
purify DNA using Sephadex G-200 gel purification, in order to successfully prepare templates
for sequencing (Miller et al 1999; Tsai & Olson 1992).

DISCUSSION
Some patterns of microbial host specificity to the genera Acer, Quercus, and Pinus are are
already known and are expected to be present on representative specimens at the Morris
Arboretum. The families Fagaceae and Pinaceae (in which Quercus and Pinus are situated,
respectively) are known to form ECM associations by majority, while the family Sapindaceae (in
which Acer is situated) forms predominantly AMF associations (Wang & Qiu 2006). Suillus and
Rhizopogon species are expected to be significantly represented on Pinus species, as several
studies have indicated a relatively high host preference between pine species and suilloid fungi
(Richardson & Higgins 1998; del Lungo et al, 2006). A study of European oaks suggests that
Lactarius, Russula, and Cenococcum may be significantly represented on Quercus species at the
Arboretum, although no biogeographic study of northeastern North American Quercus species
has been conducted on a similar scale (Suz et al 2014). As Acer species form predominantly
AMF partnerships, various genera in the Glomeromycota are expected to be present with the
genus Glomus being the most represented (Cooke et al 1992; Helgason et al 2002). Important
bacterial microsymbionts are expected to be Pseudomonas and Bacillus species across all three
genera (Barea et al 2005).
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In order to determine the bacterial and fungal rhizosphere composition of Acer, Quercus,
and Pinus samples, Ilumina sequencing could be conducted using the DNA successfully
extracted for this project. Due to a low concentration of high molecular weight genomic DNA,
future manipulation should aim to maximize PCR products for downstream procedures in
preparation for the Ilumina sequencing.
Difficulties in amplifying extracted DNA may be explained by the presence of humic
acid present in the soil that inhibits TAQ polymerase functioning during PCR (Tebbe & Vahjen
1993). Humic acid is known to accumulate through the degradation of organic compounds, and
usually indicates good soil health. Data on pH and low microbial abundance suggests good soil
quality at the Morris Arboretum, and it can be inferred that humic acid is present at significant
levels through the arboretum. Various studies have shown successful removal of humid acid, as
well as other PCR-inhibiting substances, with minimal DNA loss, by using Sephadex G-200 gel
purification (Miller et al 1999; Tsai & Olson 1992). While there was not sufficient time to
remove contaminants from DNA, future analyses should aim to purify the stored DNA for all 90
samples.
The low concentration of extracted genomic DNA might be explained by the timing of
sampling. Many studies have shown that the composition of microorganism in the rhizosphere of
plants fluctuates across seasons (Smalla et al 2001; Palomino et al 2005; Baum & Hrynkiewicz
2006). For example, Yu et al (2015) shows that bacterial and fungal abundance can substantially
vary over the course of a single year. It is important to determine how similar fluctuations in
overall microbial abundance affect the yield of extractable soil DNA, and if a sampling date in
November coincided with a seasonal decrease in microbial populations at the Morris Arboretum.
Local chemical and physical soil properties may have also affected bacterial and fungal
rhizosphere communities (Bonito et al 2014; Talbot et al 2014). While host specificity can
explain some of the predicted variation between rhizosphere microbial communities associated
with Acer, Quercus, and Pinus at the Morris Arboretum, several chemical and physical properties
of the soil should be considered as having a greater impact on the overall microbial assembly.
Further analyses of soil physical and chemical properties such as N, P, and C content should be
conducted.
While gel electrophoresis and pH analyses indirectly suggest good soil quality at the
Arboretum, the means by which soil fertility has been achieved may be unsustainable or
uneconomic (Soudzilovskaia et al 2015). Beneficial soil bacteria and fungi have been shown by
numerous studies to decrease the reliance of plants on artificial amendments by facilitating
nutrient uptake, as well by providing protection from pathogenic microbes (Azcón-Aguilar &
Barea 1997a, b; Barea et al 2005). Fertilizers and pesticides at the Arboretum may be adversely
affecting microbial populations, especially if applied during seasonal periods of high microbial
diversity (Trappe 1984; Marin 2011). As N- and P-fertilization, specifically, have been shown to
decrease soil microbial communities, future soil treatments should be scheduled during seasonal
lows in microbial diversity (Cooke et al 1992; Treseder 2004; Tedersoo & Nara 2010;
Soudzilovskaia et al 2015; Yu et al 2015). The pH level of Arboretum soils should also be
slightly lowered to an optimal 5.0 to 6.0 in order to promote mycorrhizae that would reduce the
need for artificial fertilization (Treseder 2004; Soudzilovskaia et al 2015). More careful
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management of microbial communities is encouraged as part of the Morris Arboretum integrated
pest management protocols.
The use of microbial inocula may also benefit the Arboretum. While most bacterial and
mycorrhizal inocula are not specific to any particular taxon, the majority of products include a
large mixture of plant-beneficial bacteria and fungi. Although the diversity of organisms appears
to increase the probability that an inoculum will benefit plant growth, it is still undetermined if
artificially placed microbes will persist through many growing seasons. It is known that
introduced ECM species typically survive for short periods in the field (Molina et al 1992;
Thomson et al 1996; Dell et al 2002), and that these species generally remain in association with
their exotic host plant without spreading to native hosts (Vellinga et al 2009). Specific
Hamamelis and Corylus specimens at the Morris Arboretum have been inoculated with the
product DIEHARD™ Transplant (Horticultural Alliance, Inc. Sarasota FL) in Summer 2013, and
have all shown more robust growth. In the coming years these specimens and neighboring plants
should be examined for the presence of organisms included in DIEHARD™ Transplant.
Additional plants should also be inoculated with the product to test the longevity of growth
promotion and its effect on a variety of taxa grown by the Arboretum.

CONCLUSION
This study offers preliminary details about the soil quality and microbial community
structure at the Morris Arboretum of the University of Pennsylvania. The low relative abundance
of extracted DNA from Arboretum soil samples may have been a result of seasonal decreases in
microbial communities, and/or unfavorable chemical and physical soil properties for bacteria and
fungi. Initial data on microbial abundance suggests that soil pH might be slightly reduced to
better promote beneficial bacterial and fungal symbionts in the rhizosphere of Acer, Quercus,
and Pinus specimens. However, greater efforts to optimize a more efficient means of achieving
adequate soil quality should be directed at promoting plant growth promoting rhizobacteria,
pathogen antagonistic fungi and bacteria, and mycorrhizae through moderated fertilizer and
pesticide usage. Further analyses to determine the nature of fluctuations in microbial populations
should also be conducted over several seasonal cycles. Additionally, an expanded application of
microbial inocula should be employed across a wider variety of taxa. Careful monitoring of the
relative success of inoculated plants over the course of many growing seasons will be important
in developing a more informed and species-specific soil amendment protocol at the Morris
Arboretum.
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Map A and B: Maps of the Morris Arboretum: Map A is a map of the Compton
section, and Map B is a map of the Bloomfield Farm section. All 30 tree specimens
included in the study are mapped by acquisition number (listed in Figure 1)
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Figure 1: A list of tree specimen acquisition numbers across all 6 species. Non-native species are
labeled yellow, native species are labeled green
Q. dentata-Q. velutina
1947-094*A
1991-047*A
1935-6163*A
1981-334*L
1981-334*A
1953-497*B
1982-176*A
2005-017*B
1932-1233*A
2012-052*A
A. griseum-A. rubrum
1955-254*A
1981-101*A
1964-751*A
1953-194*B
1994-484*C
1963-007*A
2003-063*A
1932-1824*A
1954-0698*A
2010-014*A
P. bungeana-P.strobus
1946-166*O
1995-212*C
1995-005*B
1996-584*A
1932-0477*A
1960-247*A
1932-0832*A
1982-150*A
1962-121*B
1932-0831*A
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pH

Quercus

pH

Pinus

pH

A. griseum

6.8

Q. dentata

5.91

P. bungeana

5.9

A. rubrum

AVE

6.19

6.64

6.5

6.51

6.54

6.5

6.62

6.42

6.93

6.76

7.06

6.84

7
7.2

Q. velutina

6.98
6.95

P. strobus

6.85
6.78

7.15

7.16

6.99

7.37

7.1

6.85

6.84

7.14

7.2

6.844

6.79

6.734

Figure 2: Table of measured pH for all 30 tree specimens. 2.5g of soil was added to 50mL of
deionized H20. The pH was measured using a Mettler Toledo pH Meter and Sensor
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Figure 3: Gel images of A. unamplified genomic DNA from soil extraction (red arrow shows
unamplified genomic DNA), B. PCR products of randomly selected Acer and Pinus samples for
LSU and ITS regions (red arrows point to band indicating fungal DNA was successfully extracted
and amplified, C. PCR product of randomly selected samples for the V4 region of the 16S rDNA
(SSU) was successfully extracted and amplified (indicated by bands pointed to by red arrow).
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