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Abstract

This study examined ectomycorrhizal and plant relationships in contaminated soil in situ
to determine the interactions between these three factors. Ectomycorrhizal fungi (EMF)
were identified by physical morphotyping followed by sequencing of ribosomal DNA.
Plant productivity was assessed through Leaf Area Index (LAI) measurements taken from
May through August of 2012 and 2013. Changes in EMF community composition and
plant productivity were observed based on their position on the metal contamination
gradient. While EMF composition changed depending on the level of metal
contamination, none of the ectomycorrhizal species consistently outcompeted other
species in the highly contaminated environments. Cenococcum geophilum was the
dominant species in the low contaminated environments. Fligher LAI values are seen in
environments with higher sol metal loads, however, this could be due to multiple factors
such as increased moisture and the dominance of metal-tolerant tree species. The results
here highlight the importance of looking at multiple variables to determine the factors

that have the greatest relevance in a natural setting.
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Introduction:

Ectomycorrhizal fungi (EMF) grow in association with plant roots and form a
mutualistic relationship that assists in nutrient acquisition and tolerance to stressful
environments (2-4). How much of that assistance is due to the diversity of EMF
communities and how much is due to the community composition remains to be
determined. If we know which species of EMF are more beneficial to plant tolerance of
stressful environments, we can design remediation plans around that information.
Improved remediation plans are increasingly important for the growing number of urban
brownfields, sites that were previously used for industrial purposes but now lie

abandoned and harbor some type of environmental contamination.

Urban brownfields provide a unique place to study EMF and plant relationships
because of the stresses placed on both plants and mycorrhizae. Heavy metal
contamination, acid rain (5-7), habitat fragmentation (8) and enhanced nitrogen levels (9,
10) all contribute to the stress urban environments place on plants and their mutualistic
relationships. EMF are additionally influenced by the reduction in numbers of host plants
and the introduction of foreign invertebrates (11, 12). These aspects of contamination, as
well as isolation from other natural ecosystems, make urban brownfields unique. In order
to re-establish ecosystem function, more research needs to be conducted on the
mechanisms which assist the growth and trajectories of plant assemblages in the urban

context.

Mycorrhizae have an evident positive effect on plant productivity (13-15), but we
know less concerning the extent to which the diversity of mycorrhizal communities

contributes to increases in plant productivity (16). There is a strong positive effect of



mycorrhizae in nutrient poor environments where they are necessary in providing
limiting nutrients and resistance against disease and drought (75). An increase in
phosphorous (P) uptake from mycorrhizae (13, 17) and mycorrhizal release of enzymes
that degrade organic matter (75) have been shown to cause an increase in plant
productivity. But there are conflicting results as to how much, if any, of this increase is
due to diversity. Baxter and Dighton (16) found that mycorrhizal plants were able to take
up higher amounts of P under higher mycorrhizal diversity but not when presented with
single mycorrhizal species. This suggests that diversity of EMF communities is an
important factor to consider in remediation. However, other studies determined that the
apparent effect of diversity was actually a sampling effect and that the inclusion of
specific species better explained the increase in productivity (18, 19). This indicates that
in some settings species composition, and the inclusion of specific species, will have a
greater effect on plant productivity. Another factor to consider in the mycorrhizal plant
relationship is the distribution of nutrients throughout the soil. Initial nutrient levels may
play a role in determining the strength of mycorrhizal associations that will form (16).
Studying the relationship in an fluid setting, such as an urban brownfield, where nutrient
levels fluctuate and are not homogenous, may provide greater insight to the relationship

between diversity and productivity.

Urban brownfields frequently contain metal contamination in soil where it can
have a negative impact on mycorrhizal communities and their relationships with host
plants (1, 20-22). Ectomycorrhizal species vary in their tolerance of metal
contamination, and shifts in community composition will favor species that are more

tolerant of contamination (22-24), resulting in a loss of species richness. Several studies
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show that there is a decrease in mycorrhizal species richness under high metal loads (11,
21, 25). Additional studies in this area are useful in identifying metal tolerant species,
and under what levels of contamination they are able to thrive (5, 20, 26). Furthermore,
as many mycorrhizal species are able to reduce metal uptake by host plants, a loss in
species richness could decrease this assistance (5). Many mycorrhizae are host-specific,
and if those mycorrhizal species are not able to tolerate high metal loads, their associated
plant host may not be able to persist without that relationship. This will have an effect on
the plant community composition in that environment (27-29). 1f the composition of
EMF communities does have a significant impact on plant productivity, then productivity

may be affected as well.

Liberty State Park, located in Jersey City, NJ, is an ideal location to study
mycorrhizal and plant relationships in an urban brownfield because it offers a gradient of
heavy metal contamination along which changes in plant and EMF community
compositions can be seen. This site is unique in that the soil was derived mainly from fill
material and was given its own classification, the Ladyliberty series, by the Natural
Resource Conservation Service (30). The soil contains high concentrations of copper,
zinc, chromium and lead, among other pollutants, as described in Table 1 Despite
harboring such toxic materials, a thriving plant community was able to develop on the

brownfield site since its purchase by the state in the early 1970's(See Photographs 1and

2).

This study focused on characterizing the EMF community in association with
plant productivity (as measured by Leaf Area Index, LAI) across the contamination
gradient. In this environment | have tested the hypothesis that metal contamination in
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soil will affect EMF diversity and community composition of bulk soil. | characterized
the EMF community composition to identify differences between sites and trends along
the metal contamination gradient. | hypothesized that since not all mycorrhizal species
are metal tolerant, there would be a negative correlation between diversity and soil metal
contamination (11, 21, 25). And finally, | expected that if there were differences in
diversity, that the level of diversity would be positively correlated with plant

productivity.

Methods:

Study Site

Liberty State Park is located adjacent to the Upper New York Bay in Jersey City, NJ.

The area surrounding the park is a densely populated urban environment. Much of the
soil in the park is outside fill material made up of debris that was dumped there from
New York City. From 1919 to 1967 the area was used as a railroad terminal connecting
lines from across New Jersey to the New York harbor and allowing commuters access to
ferries for transport to New York City (7). The site was abandoned from 1967 to 1970, at
which time the area was deeded to the State of New Jersey for use as a state park.
However, there remains approximately 102 hectare within the interior section of the park

that remains unmitigated and therefore undeveloped.

Contamination in the soil includes As, Cr, Cu, Hg, Pb, V, Zn and characterized organic
pollutants from previous use as a railroad, as described in Table 1. See also (7). The
park was colonized by early succession species Populus tremuloides, Betula populifolia,

Rhus Copilinum and Rhus glabra. The study sites are mainly dominated by B.
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populifolia. 1 chose five sites within the interior of the park to be examined because their
level of metal contamination lies along a continuum from highly contaminated to
relatively less contaminated as determined by Gallagher et al. (7). This difference in
metal contamination will allow me to test biotic site characteristics as they relate to the
gradient in metal contamination. Here | specifically focus on the response of the

ectomycorrhizal community in the bulk soil to metal contamination.

Experimental Design

Four sites at Liberty State Park were chosen to be examined in 2012 and 2013 based on
their position along a metal contamination gradient. The sites were grouped into
categories of low metal or high metal contamination. Because the differences in EMF
community composition and LAI varied so greatly between the two high soil metal load
sites in 2012 (See Figures la and 2a), | added a fifth site in 2013 (site 25) to better
resolve trends at sites with high soil metal contamination. Liberty State Park recognizes
the sites as labeled 48, 43, 14/16, 14 and 25. For simplicity, in this study they will be
referred to as LI (48), L2 (43), HI (14/16), H2 (14) and H3 (25). Sites LI and L2 have
low levels of metal contamination, while sites HI, H2 and H3 have high levels of
contamination (See Figure 3). Contamination level was determined by total metal load

(TML) as described in Table 1 (7).

The ectomycorrhizal and plant communities were characterized to identify possible
relationships between their composition and soil metal load (7). | chose to examine
solely ectomycorrhizae because the dominant species at the park form ectomycorrhizal

relationships and these were the species for which | measured LAI. To assess the
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relationship between EMF and plant productivity | measured mycorrhizal diversity (with
morphotyping followed by sequencing) and canopy cover (Leaf Area Index (LAI)). The
established total soil metal load index (7) was used as the context for the study. The total
soil metal load for each site was developed by performing a rank order transformation on
the individual soil metal species concentration as described by Juang et al. (31). The
results were then back-transformed using the reverse function of the linear regression,
between the original metal data and the ranks (32). The summation of these products
produced a total soil metal load ranking (TML), which scaled between 0 and 5. The
previous work defined 3 as a critical threshold beyond which productivity, diversity (1,
33) and seed viability (34) were significantly impacted. | present my results for 2012 and
2013 separately, with each year measured independently. Sampling was conducted in
replicates of five at each site, where each replicate is marked by a pin. The pins are four
meters apart and placed along a straight 16 m transect. All of the data are presented as

the mean and standard error of the five pins (n=5).

Plant Productivity Measurements

| evaluated plant productivity by taking measurements of overall leaf area coverage in the
tree canopy, LAL. This was measured as the meters of leaf area: meters of ground area.
Measurements were taken using a LI-COR LAI-2200 (Lincoln, NE) once weekly from
May through August of 2012 and 2013. This instrument calculates the amount of
sunlight coming through the canopy in order to determine the LAI. Five data points were
measured and averaged to one value at each of the four sites (five sites in 2013). The
data points where the readings were taken aligned with the five pins where soil was
sampled for mycorrhizal analysis (see section Mycorrhizae Sampling and Morphotyping).
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Readings were collected between 6:30am and 8:30am and included a ‘blanking’ in a
nearby location that did not have any obstruction of the sky for 70 meters in any
direction. This allowed the instrument to calculate the amount of sunlight with no leaf

cover present to use as a reference.

Mycorrhizae Sampling and Morphotyping

Bulk soil cores were taken at each pin for a total of 5 cores at each site. The cores were
20-25 cm long and 5 cm in diameter. The samples were not separated into soil horizons.
Samples were placed in separate Ziploc bags and immediately transferred to a 4°C
refrigerator where they were stored prior to analysis. Sampling was conducted once in

early June 2012 and once in early July 2013.

Roots were manually separated from each soil sample and gently rinsed with warm water
to remove large pieces of soil and debris. They were then placed on a gridded Petri dish
for examination. Ectomycorrhizae were characterized following the standards set forth
by Agerer (35). Ramification pattern, shape of the unramified end, mantle texture, color,
luster and presence of emanating hyphae and/or rhizomorphs were all used to identify
tips. Tips that shared the same characteristics were assumed to be the same morphotype.
| separated the tips into their respective morphotypes in order to calculate the relative

abundance of each tip and overall diversity of the mycorrhizal community (21, 35).

DNA Extraction and Amplification

One of the goals of this study was to identify the species of ectomycorrhizae present at
each site. Genetic sequencing of each morphotype sample can be matched to voucher

specimens in an online database. Following morphotyping, ectomycorrhizal tips of the
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same type were clipped from the root and grouped together into one PCR tube and stored
at -20°C for future DNA extraction. An effort was made to keep tips divided by site, but
in cases where the sample size of tips was very small they were combined in order to

have enough sample to complete an extraction.

| extracted DNA from the root tips using the PowerSoil DNA Isolation Kit (Mo Bio,
Carlsbad, CA) following manufacturer’s procedures. At the last stage of the extraction,
in samples with a small number of mycorrhizal tips (less than 5), 30pl ultra-pure water

was used to further concentrate any DNA. Extracted DNA was stored at -20°C.

Extracted DNA was amplified by PCR using ITS4 (TCCTCCGCTTATTGATATGC)
and ITS-IF (CTTGGTCATTTAGAGGAAGTAA) primers to target ascomycete and
basidiomycete fungal DNA (9, 36, 37). The reactions were run in an Eppendorf
Mastercycler Pro thermocycler (Hauppauge, NY) under the following conditions: 94°C
initial denaturization for 5 minutes followed by 34 cycles of 30 seconds at 94°C, 2
minutes at 50°C, 3 minutes at 72°C and a final elongation at 72°C for 5 minutes. The

PCR product was then stored at -20°C.

Cloning and Sequencing

It is likely that the PCR products contain DNA from more than one type of mycorrhizae
due to cross-contamination during physical identification and collection of the tips. In
order to obtain pure uncontaminated DNA of just one mycorrhizal species for
sequencing, | performed a cloning procedure on the PCR products. PCR products were
first ligated and then transformed using the Promega pPGEM®-T Vector System

(Promega, Madison, WI). The manufacturer’s recommended protocol was followed (36).
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Two successfully cloned colonies from each sample were chosen at random to be
sequenced. The cloned and amplified DNA was prepared for sequencing by the removal
of excess nucleotides, salts and amino acids by running through a PERFORMA® Spin
Column from EdgeBio manufacturers (Gaithersburg, MD). The samples were then
sequenced using an Applied Biosystem Sequencer model 3130 Genetic Analyzer (Grand
Island, NY). The Applied Biosystem kit Big Dye version 3.1 was used to prepare the
samples according to the manufacturer’s recommended protocol. | entered the resultant
sequences into the National Center for Biotechnology Information (NCBI) BLAST
website (i£) which compared the sequence to voucher specimens in order to produce a
list of matches. Morphotypes which were not able to be sequenced were labeled as

Unknown and numbered 1-9 in order to differentiate them.

Data Analysis

| used the relative abundances of each morphotype in a Principle Components Analysis
(PCA) to determine the amount of significant variation in ectomycorrhizal community
composition between sites. The relative abundance of EMF morphotypes and change in
LAI across sites was used to calculate the amount of variation between sites. PCA was
followed with an analysis of variance (ANOVA) of individual factor, a multivariate
analysis of variance (MANOVA) considering the first three factors as variables to
determine significant differences (Wilks’ Lambda), and the Bonnferroni test for means
separation. All of the statistical tests were carried out in SAS Version 9.1 (SAS Institute,

Inc. Cary, NC).

17



I used the Shannon Index as a means of calculating the ectomycorrhizal diversity level of
each site. The Shamion Index was calculated separately for each pin and then the values

were averaged together for each site, resulting in one Shannon Index value for each site.

Results:

Mycorrhizae Sampling:

In 2012, 21 species of ectomycorrhizae were characterized by morphotyping. The factor
scores which were generated in the Principle Component Analysis were based on the
relative abundances of each morphotype. Factor 1was positively and significantly
correlated to the relative abundance of Tomentella sublilacina and Inocybe lacera, and
negatively and significantly correlated with Cenococcum geophilum. Factor 2 was
positively and significantly correlated to Russula illota or laurocerasi (could not be
distinguished to the species level by sequencing), and negatively and significantly
correlated with Unknown 5 and Tomentella sublilacina. The MANOVA revealed a
significant effect of site on EMF community composition as determined by
morphotyping followed by sequence identification (Figure la, Wilks’ Lambda F =2.43,
P < 0.03). The ANOVA of Factor 1found a significant difference in community
composition (Figure la, F = 4.16, P < 0.03), and the posthoc test revealed that the EMF
communities of the low metal sites were most significantly similar to each other and site
H2. The high metal sites were most significantly similar to each other and site LI

(Figure la).

In 2013 the sites were again examined and 22 species were identified. In this year Factor

1 was positively and significantly (p < 0.05) correlated to the relative abundance of
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Tomentella, and Inocybe lacera, and negatively and significantly correlated to
Cenococcum geophilum. Unknown Species 6 and Scleroderma bovista are pulling Factor
1, but not at a significant level (p = 0.07). Factor 2 was positively and significantly
correlated to Scleroderma bovista, Fusarium oxysporum and Unknown 9, and negatively
and significantly correlated to Tomentella, Inocybe lacera and Unknown 5. The
MANOVA revealed a significant effect of site on EMF community composition as
determined by morphotyping followed by sequence identification (Figure Ib, Wilks’
Lambda F=4.13, P<0.001). The ANOVA conducted on Factor 1 found a significant
difference in community composition (Figure Ib, F =5.84, P < 0.05), and the posthoc
test revealed that the EMF communities of the low metal sites were most significantly
similar to each other and those of the high metal sites were most significantly similar to
each other (Figure Ib). There was a tight correlation between the low metal sites, while
the high metal sites showed a greater degree of variation and separation. There was no

significant difference between sites according to Factor 2.

The Shannon Index of diversity was calculated for each pin and tested for significance
using an ANOVA on the values of each pin. The ANOVA showed no statistical
difference between sites for 2012 (F = 0.73, P> 0.5) or 2013 (F = 0.88, P > 0.4). The

trend across sites was the same in 2012 and 2013 (See Figure 4).

Sequencing:

Nineteen species from 13 families and 12 orders were identified by cloning and
sequencing the ITS region of ribosomal RNA. Table 2 lists each species that was

identified and how closely it was matched to a voucher specimen. There was some
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overlap with species occurring at multiple sites. Cenococcum, Inocybe and
Leptodontidium were the only genera found in all five sites. The genus Russula was seen
only at the highly contaminated sites, while the genus Sebacina was seen only at the low
contaminated sites. Figure 5 provides a visual representation of the variation in relative
abundance at each of the sites. On average, | identified ten fungal taxa per site. There
were 9 morphotypes that could not be identified due to insufficient physical material or
undistinguishable sequencing results. Out of the 22 morphotypes sampled in 2013, 13
were able to be identified by sequencing. Only seven of the 21 morphotypes from 2012

were able to be sequenced due to limited sample size.

Several of the species listed in Table 2 were not counted in the relative abundances at
each site. These species were not seen as individual morphotypes, but were identified
because they grew on or close to a sampled morphotype. If multiple clones from a single
morphotype were identified as different species, then the species that was associated with
that morphotype most frequently and with the highest match percentage was identified as

the species for that morphotype.

LeafArea Index

| was interested in the relationship between primary productivity of the plant community
and the mycorrhizal community composition of the soil. We analyzed the results of our
PCA with respect to the LAI of each site by conducting an ANOVA with LAI as the
fixed variable and Factor 1 of our PCA as the response variable. In 2012 there was a
significant difference in EMF community composition based on the LAI ofthat site

(Figure 2a, F = 2.43, p < 0.03). Site HI had the greatest LAI value and the most different
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EMF community composition. The posthoc test confirmed that the LAI values for sites
L1, HI and H2 were significantly similar when compared to Factor 1 (Figure 2a). The
LAI values in sites L1, L2 and H2 were also significantly similar. This is the same trend
that was seen in the analysis of ectomycorrhizal community by site. The two sites with
low metal contamination have LAI values falling in the middle of the range, while site

H2 has a very low LAI and site HI has a very high LAI compared to the other sites.

In 2013 there was a significant difference in EMF community composition based on the
LAI of that site (Figure 2b, F = 4.13, p < 0.01). Site H3 had the greatest LAI value and
the most different EMF community composition. The posthoc test revealed that the same
trend that was seen in Factor 1 of the mycorrhizae analysis by site was also seen in the
analysis of LAI; HI, H2 and H3 were all significantly similar to each other. There was
overlap in the groupings with the HI and H2 sites also being similar to L1 and L2. The
highest LAI values are associated with negative Factor 1 scores and high metal
contamination (Figure 2b). The lower LAI scores are associated with low metal
contamination and positive Factor 1 scores. Site H2 falls outside of this pattern with the

lowest LAI value and a neutral Factor 1 score.

Discussion:

The aim of this study was to examine ectomycorrhizal community composition
and diversity along a metal contamination gradient in order to gain a better understanding
of interactions between soil contamination and mycorrhizal communities. This study
describes which species are present at each of the sites, and the differences between sites

as it relates to their position on the contamination gradient. | found that there was a
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significant difference between ectomycorrhizal community composition at different sites
(Figure 1). Specifically, the low metal contamination sites were most similar to one
another and, likewise, the high metal contamination sites were most similar to one
another. This suggests that different ectomycorrhizal community compositions may be
developing on soils with different levels of metal contamination. Similar findings have
been reported by Chappelka et al. (25). There was a much greater variation between the
high metal sites than there was between the low metal sites. This could be due to
variances between sites in concentrations of each of the metal contaminants or the

variation in other abiotic factors such as organic content, pH or nutrient availability.

Interestingly, although EMF composition was shown to vary along the metal
concentration gradient, there was no significant difference in diversity levels and there
was a similar level of species richness at each site. The Shannon Index (Figure 4)
showed that sites LI and H3 had the highest diversity levels, site HI had the lowest level
and sites L2 and H2 were just slightly lower than site L 1. Although the diversity levels
were slightly lower in 2013 than they were in 2012, the trends between the sites remained
the same between years. There was no correlation with metal concentration, disproving
the original hypothesis that there would be decreased diversity with increasing metal
load. This demonstrates that, at least in this setting, composition of the EMF community,

rather than diversity, is more strongly correlated with metal contamination.

Most of the sites had relatively few dominant species and many rare species
(Figure 5), similar to studies by Baxter et al. (11) and Regvar et al. (22). This is in
contrast to findings by Krpata et al. (21) which observed a much higher species richness
and degree of evenness across metal contaminated sites in Austria. The lack of similarity
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in diversity trends between field studies in metal contaminated environments supports the
hypothesis that there is a highly dynamic relationship between soil conditions and biotic
organisms. The differences between studies also suggests that these relationships are
highly contextualized since there is a high degree of variability in findings. My findings
support this argument since there was no correlation between diversity and level of metal
contamination. The lack of difference in diversity levels between sites further suggests
that the similarities of these sites had a stronger effect than contamination level on
diversity. Since the plant communities were similar at each site | speculate that that may
have a strong influence. Bruns (39) suggests that factors such as nutrient availability,
competition with other soil organisms and disturbance can have large effects on EMF
diversity. Further studies which examine a combination of variables such as nutrient
levels, competition, plant species composition and contamination both singularly and in
the same treatment may help to resolve which factors have the most influence on EMF

diversity.

The species composition between sites showed a large degree of variation. Only
three species, Cenococcum, Inocybe and Leptodontidium, were found across all of the
study sites. Additionally, there was a large variation in the relative abundance of these
species depending on the site (Figure 3). This suggests that although a species may be
present at any site, there are other factors controlling how dominant that species is in the
community. This may be due to competition, metal contamination, interactions with
other soil microbes, plant species composition, soil characteristics or, most likely, a
combination of these factors. According to Tedersoo et al. (40), in a study on global

patterns of fungal diversity, they found that the phylogenetic family of the host plant was
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the largest driver of EMF composition. Additional studies characterizing the plant
community composition at each of the sites would determine if that pattern is also seen at
this location. However, this study shows that even in sites with the same dominant plant

species, considerable variation in EMF community composition can occur.

Similar to other studies (27, 41), Cenococcum geophilum was the dominant
species across several sites. This species is known to be highly adapted to metal
contaminated environments (25). Interestingly, in contrast to the aforementioned studies,
this study shows that C. geophilum was dominant at the two low metal contaminated sites
and only one of the high metal contaminated sites, H2 (Table 2). Site H3 was dominated
by Scleroderma bovista and Inocybe lacera while site HI was mainly dominated by
Russula illota/laurocerasi and Inocybe lacera (Figure 5). This study was not designed to
resolve the cause of this variation, however, perhaps it is related to the health of the plant
community. The sites where C. geophilum was the most abundant also had the lowest
LAI (Table 1). In contrast, the sites with the highest LAI had only 1% and 9%
abundance C. geophilum (Figure 3). While | speculate that C. geophilum may have
saprotrophic properties, this has not been tested and there may already be evidence to the
contrary as shown by Shaw et al. (42). Their study looked at competition between
ectomycorrhizae, including C. geophilum, and saprotrophic fungi and found that the C.
geophilum was suppressed by the saprotrophic species. Bahram et al. (43) and Dickie et
al. (44) found that C. geophilum was able to colonize a large number of substrates
including litter, a fermentation layer, course woody debris layer and humus layer. While
the mechanism behind this flexibility in niche habitation is unclear, perhaps it points to

why C. geophilum is so ubiquitous. Our understanding of the ecology of many
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ectomycorrhizae is very limited, it is possible we are lacking insight into some of their

capabilities.

This study demonstrated that the sites with the lowest levels of metal
contamination also had the lowest LAI. The highest contaminated sites, HI and H3, had
the highest LAI (Figure 3). This trend is seen not only in the five sites examined in this
study, but across the entire interior section of the park (7). As the most metal tolerant
species at the park are tree species, they were the first to colonize the highly
contaminated areas and probably remain dominant due to arrested succession.
Consequently, these areas have a higher LAI. Furthermore, such a relationship could be
facilitated by a diverse EMF community. There was a significant effect of EMF
community composition based on site. However, it is still unclear whether this is due to
the specific EMF communities associated with high LAI, or another factor such as higher
moisture or nutrient levels which have also been shown to have a strong impact on plant

productivity (45).

I consider that moisture could be a very important factor in the levels of plant
productivity and differences in EMF communities at the study sites. Site H2 was
observed to have much drier soil than any of the other sites, had the lowest LAI and
showed very different trends in EMF community composition than the other high metal
sites. This site is situated at a slightly higher elevation and has a berm that cuts across
approximately half of the site. This essentially isolates part of the site and impedes run-
off and soil movement. The concentration of metals at site H2 is also different from the
other sites (See Table 1). These differences may help to explain why the trends seen
there are so different than at the other sites, and may also help to study how multiple
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variables interact to shape the community. For example, moisture may be having a large
impact on plant productivity and EMF community composition due to the types of metals
that have collected there. Studies using additional measures of moisture, plant
productivity, further characterization of EMF communities and measurement of nutrient
levels will help to clarify the interactions between each of the variables. 1t would be
interesting to see if the same trends occur at other locations with a metal concentration

gradient.

There were several species that were identified by sequencing but not recognized
during physical morphotyping. The tips of one morphotype were collected, but
sequencing showed several species, sometimes from different genera and families, all
present in the sample of that one morphotype. This indicates that multiple
ectomycorrhizal species may be living on the same section of root. This could be a result
of the heterogeneity of resources in the soil matrix (16). Multiple species may be
converging in areas where there are abundant resources. Inocybe and Tomentella were
frequently seen together in the same morphotype. The difficulty in differentiating the
two species suggests that perhaps one species is growing on top of the other. This could
be a type of competition, but the cause of competition is unclear. The relationships

between individual species deserves further examination.

Conclusion:

Changes in EMF community composition and plant productivity were observed
based on their position on the metal contamination gradient. While EMF composition

changed depending on the level of metal contamination, richness remained relatively
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constant. Cenococcum geophilum was the dominant species in the low contaminated
environments. The variation in dominant EMF species at high soil metal concentrations
supports the idea that EMF species have different tolerance levels to different metals.
This is a significant factor to consider when designing restoration plans for brownfield
sites. Restoration initiatives that include inoculation of the soil with metal tolerant
ectomycorrhizae will be beneficial to the plant communities. Additional studies are
needed to further explore the metal tolerance capabilities and niche variation in EMF

species.

The methodology used in this study to separate EMF into morphotypes
demonstrated the advantages of using physical features to identify mycorrhizae and
determine the relative abundance. However, it also showed the limitations of identifying
EMF to a species level and even to a genus level through morphotyping alone. The
sequencing data showed that two and sometimes three species were identified from
samples that were thought to be the same morphotype. This presents a major drawback
to using physical morphotyping as a technique, however, it is a necessary practice in
order to count EMF to determine relative abundance. For future studies, | would
recommend keeping morphotype tips separated as much as possible to be sure that the
counts accurately reflect one species or genus. Additionally, this study showed that an
increased amount of sequencing would have led to a higher degree of accuracy in
discovering which species were present at which sites. The information gained from
sequencing in this study provided valuable insight as to the changes in community
composition across sites and further research with additional sequencing will greatly

enhance this knowledge.
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Higher LAI values were seen in more highly metal contaminated environments,
however, this could be due to multiple factors such as increased moisture and the
dominance of metal-tolerant species in a situation of arrested succession. Future studies
examining moisture and plant composition as well as additional EMF surveys would be
beneficial in clarifying the trends that were seen in this study. The results here highlight
the importance of looking at multiple variables to determine which factors have the

greatest impact in a fluid setting.
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Site: LI

Site: HI

1 Cenococcum
geophilum
¢.Leptodontidium

8 Incx:ybe lacera

ITomentella

Unknown 1

I Unknown 2
H Unknown 3
IUnknown 4
« Saccharomyces

cerevisiae
iiiCenococcum
geophilum
il Leptodontidium

iiilnocybe lacera

ITomentella
subiiiacina

Site: H3

= Unknown 3

= Unknown 4
Unknown S

= Unknown 6

= Unknown 7

m Phialocephala

Unknown 8

* Cenococcum
geophiium

H Leptodomidlum

1 inocybe tacera

m Unknown 3

Unknown 5

1 Russula parazurea

m Russula mariae

IS Russula
illota/laurocerasi

~Cenococcum
geophiium
m Leptodontidium

B Inocybe lacera
= Tomentelia
m Tomentella

sublilacina

m Russula
parazurea

® Russula mariae

11Unknown 5

= Unknown 6

m Unknown 7

1 Cenococcum
geophiium
m Leptodontidium

= Inocybe lacera

UTomentelia

i

Saccharomyces
cerevisiae
Russula parazurea

i

Phialocephala

Unknown 5

i

Scleroderma
bovista
Fusarium
oxysporum

= Unknown 9

[

35



Tables

Table 1: Site Characteristics

LI L2 HI H2
Avg LAI 2012/2013 253/206 245225 3.14/257 151/1.59
OShannon Index 2012/1013 119953  1.06/.888 0.83/.593  1.01.92
*TML 156 164 3.56 3.08
*Cu (gg1 9% 230 203 224
*Zn pgg-1 2 89 238 37
*As ggo-1 13 29 68 181
*Cr jggl 142 19 452 115
*Pb Myg-1 245 460 858 926

ODescribes morphotype diversity by site, as an average ofeach pin
*Reproduced from Gallagher et al. 2008

H3
NA/2.81
NA/1.06

431
2200
2327

6673



Table 2: Ectomycorrhizae present by site, as identified by sequencing

Known to be present at sites Species Blast Query Cover % Blast Identity %

LI, L2, H3 Inocybe lacera 97 MWW MM E6TW w5 .96,
LI Russula cerolens 97 98
LI Helotiaceae (family) 94 98
LI Cenococcum geophilum 98 96
LI Sebacina sp. 94 97
L2 Rhizoscyphus sp. 96 92
L2, H3 Phialocephala sp. 93 96
HI, H2 Tomentella sp. 97 98
HI, H3 Russula tnariae 93 95
HI Russula parazurea 98 94
HI Peziza saccardoana 95 Kmmnmmgy
HI, H3 Leptodontidiuni sp. 87 99
H2,L2, HI, H3 Helotiales (order) 94 99
H2 Hebeloma mesophaeum 97 99
H3 Cylindrocarpon sp. 90 99
H3 Isariafumosorosea 97 98
H3 Phialocephala fortinii 90 83
H3 Cadophora sp. 95 97
H3 Ctyptococcuz terricola 94 ) 99
H3 Meliniomyces sp. 92 97
H3 Sordariomycete 98 97
H3 Scleroderma bovista 98 99
H3 Lecanoromycetidae 95 95
H3 Cylindrocarpon pauciseptatum 96 - i _99_
H3 Laciarius glyciosmus 96 98
H3 Fusarium oxysporum 96 99
H3 Saccharomyces cerevisiae 94 99
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