
 

THE COMPETITIVE RELATIONSHIP OF THE ECTOMYCORRHIZAL FUNGUS TUBER 

MELANOSPORUM WITH COMMON NATIVE MID-ATLANTIC ECTOMYCORRHIZAL 

FUNGI 

by 

 

Olivia Taylor 

A Thesis 

Submitted to the 

Graduate Faculty 

of 

George Mason University 

in Partial Fulfillment of 

The Requirements for the Degree 

of 

Master of Science 

Environmental Science and Policy 

 

Committee: 

 

_________________________________________ Dr. Albert P.Torzilli, Thesis Director 

 

_________________________________________ Dr. Patrick Gillevet, Committee Member 

 

_________________________________________ Dr. R.Christian Jones, Committee Member 

 

_________________________________________ Dr. Albert P. Torzilli, Graduate Program 

Director 

 

_________________________________________ Dr. A. Alonso Aguirre, Department 

Chairperson 

 

_________________________________________ Dr. Donna M. Fox, Associate Dean, Office 

of Student Affairs & Special Programs, 

College of Science 

 

_________________________________________ Dr. Peggy Agouris, Dean, College of 

Science 

 

Date: __________________________________ Spring Semester 2018 

  George Mason University 

  Fairfax, VA 

  



 

The Competitive Relationship of the Ectomycorrhizal Fungus Tuber Melanosporum with 

Common Native Mid-Atlantic Ectomycorrhizal Fungi 

A Thesis submitted in partial fulfillment of the requirements for the degree of Master of 

Science at George Mason University 

by 

Olivia Taylor 

Bachelor of Science 

George Mason University, 2004 

Director: Albert P. Torzilli, Associate Professor 

Department of Environmental Science and Policy 

Spring Semester 2018 

George Mason University 

Fairfax, VA 



ii 

 

 

Copyright 2018 Olivia Taylor 

All Rights Reserved 



iii 

 

DEDICATION 

This thesis is dedicated to Patrice and John Martin who have provided me with the 

opportunities of a lifetime. 



iv 

 

ACKNOWLEDGEMENTS 

I would like to acknowledge my husband Marc for his patience and assistance. I would 

also like to acknowledge Dr. Pierre Sourzat, Dr. Charles LeFevre, Dr. Albert Torzilli, Dr. 

Patrick Gillevet, Dr. R.C Jones, Dr. Masoumeh Sikaroodi, Dr. Tom Michaels, Christine 

Fischer, Dr. Carlos Colinas, Daniel Oliach, Dr. Shannon Berch, and Anne Mitchell for all 

you have taught me about truffles and fungi and for making it interesting. I would finally 

like to thank Dr. Anne Favrette, Dr. David Weintritt, Vanessa Martin and Annie, Cassie, 

Nadine, Wellington, and Bo for taking care of me. 



v 

 

TABLE OF CONTENTS 

Page 

List of Tables ..................................................................................................................... vi 

List of Figures ................................................................................................................... vii 

List of Equations .............................................................................................................. viii 

Abstract .............................................................................................................................. ix 

Introduction ......................................................................................................................... 1 

Materials and Methods ........................................................................................................ 9 

Field Soil Sampling ......................................................................................................... 9 

Seedlings and Inoculation ............................................................................................. 12 

Time Lapse and Sampling ............................................................................................. 14 

DNA Extraction............................................................................................................. 15 

PCR, Fingerprinting, and Sequencing ........................................................................... 16 

PCR ............................................................................................................................ 16 

Fingerprinting ............................................................................................................ 16 

Sequencing................................................................................................................. 17 

Statistical Analysis ........................................................................................................ 18 

Results ............................................................................................................................... 21 

NMS Analyses............................................................................................................... 27 

MRPP and ISA Analyses .............................................................................................. 30 

Discussion and Conclusion ............................................................................................... 32 

References ......................................................................................................................... 43 

 



vi 

 

LIST OF TABLES 

Table Page 

Table 1 – Fungi identified in the Positive (1A-4B) and Negative Control Samples (5A-

6B) (Mycologic, Inc. 2016) .............................................................................................. 11 
Table 2 – Media parameters in the six different planting media (A & L Laboratories, INC 

2014) ................................................................................................................................. 12 

Table 3 – Tabulated NMS Results .................................................................................... 28 
Table 4 - Non-Parametric ANOVA (Kruskal-Wallis Analysis) ....................................... 29 
Table 5 - Tabulation of MRPP and ISA Analysis Results ................................................ 31 

 



vii 

 

LIST OF FIGURES 

Figure Page 

Figure 1 – Maps of areas near sampling location ............................................................... 9 

Figure 2 – Amended soil extraction site (inside fenced area) ........................................... 10 
Figure 3 – Wild soil extraction site (outside fenced area) ................................................ 10 

Figure 4 – Planting Q. robur seeds for germination ......................................................... 13 

Figure 5 - Tuber melanosporum ascoma amalgam ........................................................... 14 
Figure 6 – Inoculated seedlings in the greenhouse ........................................................... 14 
Figure 7 - Example seedling root tips with Tuber melanosporum extracted from 

experimental trees ............................................................................................................. 15 
Figure 8 - Example seedling root tips with other mycorrhizae extracted from 

experimental trees ............................................................................................................. 15 

Figure 9 - PCR products from study on agarose gel ......................................................... 21 
Figure 10 - Tagged PCR Products amplified for Fingerprinting ...................................... 22 

Figure 11 - Most Abundant Genera throughout Study ..................................................... 24 
Figure 12 - Average Abundance of Sequenced Species ................................................... 25 
Figure 13 - Fungal biodiversity in 5 year old Tuber melanosporum inoculated trees in 

2016 Spanish study ........................................................................................................... 26 

Figure 14 - Comparison of sequenced fungi of Spanish trees and sequenced fungi from 

the current study formatted for direct comparison to 2016 Spanish study ....................... 27 
Figure 15 - 2D Graphical Representation of NMS Analysis With Clustering. The 

numbers represent samples from their respective groups (color-coded as indicated at 

upper right). The dots represent species. .......................................................................... 28 

 



viii 

 

LIST OF EQUATIONS 

Equation Page 

Equation 1 Area ................................................................. Error! Bookmark not defined. 

 



ix 

 

ABSTRACT 

THE COMPETITIVE RELATIONSHIP OF THE ECTOMYCORRHIZAL FUNGUS 

TUBER MELANOSPORUM WITH COMMON NATIVE MID-ATLANTIC 

ECTOMYCORRHIZAL FUNGI 

Olivia Taylor, M.S. 

George Mason University, 2018 

Thesis Director: Dr. Albert P. Torzilli 

 

This study provides a better understanding of various fungal types which share the 

soil in a North American orchard colonized with Tuber melanosporum and identifies 

major fungal competitors for colonization of tree roots. This work also determines 

various soil conditions in the Mid- Atlantic region of the United States which can 

encourage or discourage Tuber melanosporum colonization. Quercus robur seedlings 

were inoculated with Tuber melanosporum. Groups of inoculated trees were split into six 

separate soil groups. One year after inoculation mycorrhized root tips were sampled from 

each seedling. Fungal DNA was extracted, amplified, and sequenced. Multi-variant 

analyses were run to identify possible correlations of environment and speciation. The 

results indicate that there are fungal types with the potential for competition with T. 

melanosporum and that these types change as the conditions in the soil change, and that 

T. melanosporum struggles to colonize trees outside of an established orchard. 
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INTRODUCTION 

A truffle is the ascospore-producing fruiting body, ascoma, of ectomycorrhizal 

fungi of the genus Tuber (Napoli et al., 2010). Various species of fungi in Tuber develop 

a symbiosis with different deciduous and coniferous tree species and this relationship is 

often specific to both the fungus and host tree species (Benucci et al., 2011). The exact 

process and conditions required by the fungus to create these fruiting bodies and the 

mechanisms behind the relationship between the fungus and the host trees have been 

subjects of many agricultural studies in Europe and Australia (Reyna & Garcia-Barreda, 

2014). As a symbiont, Tuber melanosporum derives its carbon from its plant host, while 

providing the host with nutrients that otherwise would not be available (Finlay, 2008). In 

particular, most of the Tuber species are native to areas that are notorious for having poor 

soil quality. Thus the plants in these regions rely heavily on the nutrients provided by the 

fungus (Suz et al, 2010). Many Tuber species are indigenous to several areas in Europe. 

After the Second World War, Europe’s wild truffle harvest greatly diminished for both 

environmental and economic reasons. Cultivation of truffles began in Europe as early as 

the 1970’s and has experienced a great deal of success.  

Truffle cultivation has since spread around the world. Areas in New Zealand and 

Australia are now producing truffles in amounts that compete with European production. 

1Both Sweden and Turkey are finding success with Tuber aestivum cultivation. Truffle 
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orchards have since been established in the United States as well as in Chile, Argentina, 

and British Columbia (Reyna & Garcia-barreda, 2014). Due to their monetary value in 

the culinary world and their relative scarcity in the wild, great effort has been put into 

understanding the conditions that favor the cultivation of these valuable, hypogeous fungi 

(Bonito et al., 2013).  

Both Europe and Australia have well-established truffle cultures and markets with 

notable annual productions. The markets of France, Spain, and Western Australia supply 

the largest portion of the world’s truffles. The market price for truffles varies between the 

different species, relative to the quality and supply of the annual harvest. In Europe there 

are markets for a variety of different truffles, including the Burgundy truffle (Tuber 

aestivum), the summer white truffle (Tuber borcii), the Piedmont truffle (Tuber 

magnatum), and multiple black truffle species including Tuber brumale and the Perigord 

truffle, Tuber melanosporum. The price for truffles per pound can range from 120-250 

USD dollars for the Burgundy, the summer white, and Tuber brumale, to 700-2000 

dollars for the Perigord and Piedmont truffles (Science, 2006). 

The truffle industry as an agricultural product is still in its infancy in the New 

World. The culinary market in the New World, particularly in the United States, is driven 

by two truffle species: Tuber melansporum (Perigord Black Truffle) and Tuber 

magnatum (Piedmont Truffle). There has been no success in cultivating Tuber magnatum 

so the primary Tuber species cultivated is Tuber melanosporum. There are some 

plantations in the northernmost regions where trees are inoculated with Tuber aestivum. 

There is also a blossoming market for local truffles, particularly the Oregon truffle 
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species Tuber oregonense and Tuber gibbosum, which colonize the roots of Douglas Fir 

trees used for Christmas tree farming and paper pulp. In the United States truffle orchards 

exist both on the east and west coast. The large portion of west coast orchards are in 

Oregon and California, often coinciding with areas populated by vineyards. The majority 

of the truffle orchards in the United States are located in the Mid-Atlantic region, 

primarily in North Carolina and Virginia, with satellite plantations in Kentucky and 

Tennessee (Reyna & Garcia-Barreda, 2014). In the Mid-Atlantic as the economics of 

tobacco farming waned, interest grew in establishing a crop that could thrive in the 

nutrient depleted soil that was the result of intensive tobacco cultivation. The first truffle 

orchards on record were established in the 1990’s. Although interest in truffle culture in 

the Western Hemisphere has increased, production is very low and does not contribute to 

the global supply of truffles (Reyna & Garcia-Barreda, 2014). 

There is a growing concern among New World growers about this lack of 

production. In a natural setting there is a lot of competition between truffles and different 

ectomycorrhizal fungal species, both Ascomycota and Basidiomycota , and this 

competition is correlated with specific factors which include host type, soil conditions 

and the overall environment in general (Zambonelli, 2012). While there is an abundance 

of data on truffle cultivation in Europe and Australia, including pests and competitive 

native fungal species, there is little scientific information on these parameters in the New 

World. However, some of the data collected in Europe and Australia is expected to be 

applicable in the Mid-Atlantic region of the United States.   
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The natural composition of soils in the forests of the Mid-Atlantic can differ 

considerably from that of the forests of many areas of Europe. The pH of most Mid-

Atlantic hardwood forest soil is close to 6 which is more acidic than most European soils 

where Tuber species are common. The soils of the Mid-Atlantic region of the United 

States tend to be lower in calcium and higher in organic matter than the native truffle 

growing areas of France, Spain, and Italy where truffle cultivation is common. There are 

some Tuber species indigenous to the Mid-Atlantic area, which are more tolerant to the 

soil conditions in the area, but they are not necessarily prolific. These species include 

Tuber lyonii (Pecan truffle), Tuber canaliculatum, Tuber maculatum, and Tuber shearii 

(Trappe, 2007). To cultivate most European truffle species in the Mid-Atlantic region, 

extreme soil amendments are required in order to create an environment suitable for most 

of these truffle species.  

The amendments include adding tons of lime to the orchard soil to raise the pH 

closer to 8. These amendments create an environment beneficial to the Tuber species 

Tuber melanosporum while proving potentially hostile to some native ectomycorrhizal 

fungal species requiring a lower pH (Mamoun et al, 1993). The alteration of the soil in 

these orchards may alternately be creating a soil environment favorable to a distinct 

fungal community consisting of other Tuber species and some native soil fungi that can 

potentially thrive in a higher pH environment.   

There is a growing concern among agricultural extension agents in local Mid-

Atlantic rural areas about the introduction of a non-native ectomycorrhizal fungal species, 

such as Tuber melanosporum, that could possibly out compete some of the native 
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ectomycorrhizal fungi colonizing native hardwood trees. The low pH of the wild soils in 

the Mid-Atlantic as well as the high levels of organic matter in these soils is not an ideal 

environment for the propagation of European truffle species. The European Tuber species 

would not likely extend outside of the plantation area due the need for the specifically 

amended alkaline soil. If the fungus were to escape the confines of the orchard by way of 

animal or other vectors, the soil conditions would not be suitable for the successful 

colonization of a young tree by the European truffle. Often in a truffiere, researchers see 

what has been termed the “Bastion Effect” where the trees on the outer rows of the 

orchard, closest to native forest, are non-producing trees because the ectomycorrhizal 

fungi from the native trees in the forest have infected and out-competed T. melanosporum 

on those orchard trees (Sourzat, 2012). 

The native infection, however, does not necessarily continue throughout the 

orchard. This effect is likely dependent on the abundance and competitiveness of the 

ectomycorrhizal fungi residing outside of the orchard (Sourzat, 2010). An infection of an 

alternative ectomycorrhizal fungal species into a Tuber melanosporum orchard is one of 

the leading causes of truffle production failure (Zambonelli, 2012). European researchers 

have identified a variety of competitive fungi, including other truffle species that could 

have detrimental effects on the harvest of the target truffle species.  In particular, other 

truffle species (T. brumale, T. indicum, T. mesentericum) are highly competitive with 

Tuber melanosporum and if they contaminate a T. melanosporum orchard they will take it 

over (Sourzat, 2010). In this instance, the competitor is far less valuable than the target 

fungus so this scenario is not ideal for the grower (Fischer et al, 2004). 
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Researchers have also identified several non-tuber ectomycorrhizal species of 

fungus that can also be competitive in the orchard setting. Both the fungus Trichophaea 

woolhopeia (Rubini et al., 2011) and Sphaerosporella brunnea (Kubicka et al, 1997) are 

often present in the truffle orchards and have been found to be very problematic (Rubini 

et al., 2011). Scleroderma (puff balls) are also very common fungal species known to 

colonize tree roots and out-compete Tuber species (Competition, 1993). Hebeloma, 

Hymengaster, and Tomentella have been found to be common in truffle orchards as well 

(Otsing & Tedersoo, 2015). 

Fungal competitors, both ectomycorrhizal and others, could be shared across all 

geographical locations or be area-specific. Common ectomycorrhizal fungal genera found 

in the Mid-Atlantic are Scleroderma, Agaricus, Amanita, Boletus, Clitocybe, Cortinarius, 

Trichloma, Russula, Mycena, and Lactarius (Arora, 1986). Specifically, Agaricus, 

Amanita, Boletus, and Trichloma are very common in oak forests. Trichloma and Russula 

are also common in poplar forests.  Agaricus, Amanita, Boletus, Clitocybe and 

Tricholoma are common on pine hosts. There are also native Tuber species, such as 

Tuber lyonii, Tuber canaliculatum, Tuber maculatum, and Tuber shearii, which could 

prove to be contaminants and inhibit production of the European truffle species intended 

to grow in a designated orchard (Arora, 1986). 

The truffle producing areas of Europe are most often found in areas of high 

limestone content in the soil with a naturally high soil pH (usually around 8).  The 

competitive fungi in these areas are prolific. The subterranean environment required by 

Tuber fungi varies, but most require a higher pH and higher levels of calcium in the soil 
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than many other ectomycorrhizal fungal species. Some species are very sensitive to the 

soil environment. Tuber melanosporum does not proliferate in soils with low pH or 

insufficient calcium while other species like Tuber indicum is not as sensitive. The soils 

both in the orchards and in the wild forests of truffle producing areas of Europe are often 

quite similar and so contamination by many species is commonplace and well understood 

(Mamoun et al, 1993). 

The control of orchard contaminants is a prerequisite for a profitable truffle 

orchard. In order to improve production in the New World more needs to be understood 

about the residents of the host tree’s mycobiome and which fungal species have the 

potential to out compete the intended Tuber sp. There is a better knowledge base of the 

mycobiomes and competitive fungal species in the truffle orchards of Europe. In many 

cases one Tuber species will out-compete another as in the case of Tuber brumale and 

Tuber melanosporum. Both Tuber species are winter fruiting and share common host 

trees. Tuber brumale however is a far more competitive species than Tuber 

melanosporum. Given enough time Tuber brumale will overtake an entire Tuber 

melanosporum orchard. This is of some concern to the truffle farmer because T. brumale 

truffles are worth considerably less than the Perigord (T. melanosporum) truffles (Fischer 

et al, 2004). There is the possibility that there are equally competitive species in the Mid-

Atlantic region of the United States.  Recognizing possible competitors which could 

prove unique to this area will help provide more information to growers of possible 

challenges in truffle culture specific not only to an individual orchard but also regionally. 
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The purpose of the study was to discover any potentially competitive fungal 

species in the amended truffle orchards and to provide more information on the 

possibility of the cultivated truffle species becoming an invasive species outside of the 

orchard. The knowledge base for the ectomycorrhizal communities on the roots of truffle 

trees is limited for the New World.  Although native fungi may be competitive, Tuber 

species should be favored in orchards where the soil has been amended to promote truffle 

production. Therefore, it is hypothesized that Tuber melanosporum will out-compete 

native fungal species in the amended soils of a Mid-Atlantic truffle orchard. It also is 

hypothesized that if T.melanosporum escapes outside of this specialized amended soil 

environment it will be out-competed by the indigenous ectomycorrhizal species which 

are better adapted to the hardwood forests of the Mid-Atlantic. 

Given the evidence from studies performed in France and other European 

countries on the relationship of Tuber melanosporum with other ectomycorrhizal fungi in 

the adjoining soil (including studies by Napoli, C. et al. 2010 and Belfori, B. et al. 2011) 

it is unlikely that Tuber melanosporum engages in deleterious competition with the native 

ectomycorrhizal communities of Mid-Atlantic arboreal systems if introduced to those 

systems. The chances are more likely that the local fungi will be highly competitive with 

Tuber melanosporum and careful precautions may have to be implemented to keep Tuber 

melanosporum infected trees at an adequate distance from local trees to prevent the local 

ectomycorrhizae from infecting the truffle trees and thus rendering them unproductive.  
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MATERIALS AND METHODS 

Field Soil Sampling 

Soil samples were from two separate sites located in Rixeyville, Virginia (located 

10 miles east of Culpeper, Virginia) ( Figure 1): one site from inside a prepared 

(amended) truffle orchard (Figure 2) and one site from a hard wood forest just outside of 

the orchard that had Quercus as the predominant tree species (Figure 3). The soil samples 

were taken on September 14, 2014. 

 

 

Figure 1 – Maps of areas near sampling location 
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Figure 2 – Amended soil extraction site (inside fenced 

area) 

 

Figure 3 – Wild soil extraction site (outside fenced 

area) 

 

Soils were prepared consisting of various ratios of orchard and wild soil in 

individual plastic canisters. Each canister originally contained 4 Liters (L) of thoroughly 

blended soil. Exactly 0.5 L of soil was removed from each canister for nutrient analysis. 

There were five different experimental group soil blends ( 13 pots each ) and one control 

group; Group 1- 100% orchard soil; Group 2 – 80% orchard/20% native soil; Group 3-

50% orchard/50% native soil; Group 4-20% orchard/80% native soil; Group 5-100% 

native soil; and the Positive Control – consisting of soil and Quercus rober root tips 

extracted from the truffle orchard identified to be mycorrhizal with Tuber melanosporum.  

A negative control was also constituted consisting of soil and root tips extracted 

from a native oak tree located outside the orchard area with no introduced truffle species. 

Soil samples were sent to A& L Laboratories, Inc. (2790 Whitten Road, Memphis, TN 

38133) for chemical analysis. The Positive and Negative controls were analyzed for 

fungal species at Mycologic Inc. (British Columbia, Canada)(Table 1). 

The nutrient analysis performed by A& L Laboratories, Inc. was a standard soil 

panel for assessment of the soil parameters for crops. Although the panel includes sixteen 
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different parameters, only those influential in truffle culture were selected for further 

analyses. (Sourzat, 2010) Those parameters were pH, Calcium (Ca), Total Kjeldahl 

Nitrogen (TKN), Carbon to Nitrogen ratio (C: N), Magnesium (Mg), and Potassium (K) 

(Table 2). 

 

Table 1 – Fungi identified in the Positive (1A-4B) and Negative Control Samples (5A-6B) (Mycologic, Inc. 2016) 

 

  

Sample 

number    Source of root sample Fungal species detected 

Genebank % 

similarity  

1A  

English Oak inoculated with Tuber melanosporum  (from 
greenhouse) 

Cercospora spp./Zopfiella 

erostrata 99 

1B   

2A  

2B  

3A 

English Oak in truffle orchard  

Tuber melanosporum 

Tuber 

melanosporum 

3B  Tuber melanosporum Species specific 

4A Tuber melanosporum   primers 

4B Tuber melanosporum   

5A  

Native oak species 

    

5B  Cenococcum geophilum 100 

6A     

6B  Cenococcum geophilum 100 
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Table 2 – Media parameters in the six different planting media (A & L Laboratories, INC 2014) 

* Letter Representations (O = Orchard N= Native ) ppm – Parts Per Million ( Grams of element per kilogram 

dried soil) 

 

Soil Blend C:N pH BPH P(ppm) 
K(ppm) Ca(ppm) Mg(ppm) TKN 

C 21.7 7.8 NR 4 62 3794 70 775 

100%O 18.1_ 7.4 NR 5 112 4788 91 835 

80/20%ON 8.74_ 7.3 NR 8 127 5323 87 1130 

50/50%ON 15.8_ 6.8 NR 9 97 3740 82 1320 

20/80%ON 14.4_ 6.3 7.8 6 75 1789 80 1530 

100% N 14.6_ 5.8 7.82 8 74 780 85 2100 

Soil Blend S(ppm) B(ppm) Cu(ppm) Fe(ppm) 
Mn(ppm) Zn(ppm) Na(ppm) % OM 

C 15 0.5 0.4 62 
4.8 1 16 2.9 

100%O 14 0.5 1.6 173 

38 1.4 9 2.6 

80/20%ON 
15 0.5 1.1 147 35 1.6 8 2 

50/50%ON 
11 0.4 1.4 147 32 1.8 8 3.6 

20/80%ON 
12 0.1 1.1 171 38 2.1 5 3.8 

100% N 
13 0.4 1 169 45 2.7 9 5.3 

 

Seedlings and Inoculation 

Approximately 1 kilogram (kg) of Quercus robur fastigiata acorns were sterilized 

( bleach bath) in a 10% bleach dilution (final concentration of NaOCl = 0.6% in water) 

for 10 minutes, followed by water rinse 5 times. The sterilized seeds were planted in 2 

large 10 gallon plastic bins in sterile vermiculite on 11/4/2014. Bin 1 – 88 Q.robur seeds. 

Bin2 -124 Q.robur seeds (Figure 4).  First visible onset of germination was noted on 

October 16, 2014. From all of the germinated seeds, 78 seedlings were selected for 

inoculation on 11/4/2014. 
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Figure 4 – Planting Q. robur seeds for germination 

 

Each seedling was selected for root quality and stem diameter (abundant roots and 

thicker stems (> 2mm in diameter) (Figure 5). Each seedling was coated in an 

amalgamation of blended Tuber melanosporum ascoma and distilled water with each 

seedling receiving approximately 3g of Tuber melanosporum spores. The number of 

spores was estimated to be 3.0 × 106 per seedling. Each inoculated seedling then was 

planted in one of the prepared experimental pots with 1 seedling per pot for a total of 13 

seedlings per experimental group (Figure 6). 
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Figure 5 - Tuber melanosporum ascoma amalgam 

 
Figure 6 – Inoculated seedlings in the greenhouse 

 

Time Lapse and Sampling 

The experimental seedlings were moved to a greenhouse for just over 1 year to 

give Tuber melanosporum adequate time to establish enough mycorrhizae that could be 

quantified using a dissecting microscope. Following the time in the greenhouse the 

seedlings were removed from the planting pots and the roots were washed under running 

water until all visible signs of soil were removed. The root tips of all surviving seedlings 

in all of the groups (average 11.5 seedlings/group) were sampled on 12/15/15 (Figure 7). 

Two separate root samples were taken from each seedling with approximately 15 root 

tips per sample for a total of approximately 173 root tips total per group. Root tips were 

selected for both visible evidence of Tuber mycorrhizae but also the presence of 

mycorrhizae of other fungal species (Figure 8). The sampled root tips were stored in 

Eppendorf tubes with distilled water and frozen at -20 C until DNA extraction. 
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Figure 7 - Example seedling root tips with Tuber 

melanosporum extracted from experimental trees 

Images from dissecting microscope magnification X 10 

Mycorrhized root tips range from 1-5mm  or 1000-

5000 microns  

 

 

Figure 8 - Example seedling root tips with other 

mycorrhizae extracted from experimental trees 

Images from dissecting microscope magnification X 10 

Mycorrhized root tips range from 1-5mm  or 1000-

5000 microns  

 

 

DNA Extraction 

A total of 68 samples were collected for DNA extraction. Each of the five 

experimental groups contained between 10-12 samples. The samples contained both plant 

matter from the sampled trees and fungal tissue from the mycorrhizal fungi as well as 

material in the soil that was not completely cleaned off of the roots. The DNA was 

extracted from mycorrhizal root tips using the FastDNA® Spin Kit with specific buffer 

for fungi (MP Biomedical, LLC, Santa Ana, California USA) using the manufacturer’s 

protocols. A dilution of the DNA in DEPC treated water (1:5 or 1:10) was made and the 

original DNA was kept at -20C (and later at -80C) for storage. The sampled mycorrhizal 

root tips were thawed in Eppendorf tubes over ice prior to the extraction process. 
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PCR, Fingerprinting, and Sequencing 

PCR 

Each extracted DNA sample was amplified with universal ITS (Internal 

Transcribed Spacer) fungal primers. Fungal ITS1 region was amplified from the DNA 

with the ITS1F- forward primer (5’ CTTGGTCATTTAGAGGAAGTA 3’) and ITS2 

reverse primer (5’GCTGCGTTCTTCTTCATCGATGC 3’) using a 9700 or 2720 

Thermal Cycler (Applied Biosystems by Life Technologies). The PCR reagents were 

added to make a master mix in the order of DEPC water, 10X buffer(6.9 µl) (for Taq 

Gold), Mg (25mM)mix, dNTPs(2mM each), each forward(10µM)and reverse 

primer(10µM), BSA(0.1%), and Taq Gold polymerase(5 units/µl) (Applied Biosysyems 

Inc.). Master Mix was put into each PCR tube followed by sample. A positive control 

(Fungal DNA) and two negative controls (no DNA) were used for each PCR run.  The 

samples were labeled and loaded into the thermocycler in order and run for a standard 

PCR with 11 minutes of initial denaturation at 95C (to activate the Taq Gold 

polymerase) and 35-38 cycles (30 sec denaturation at 95C, 30 sec annealing at 50C, and 

1min. extension at 72C with 5sec/cycle added) and a 10-minute extension at 72C and 

hold at 4°C until it was taken out to keep at 4C. The PCR products were run and 

visualized on a 1% agarose gel later. This step was done to optimize the PCR conditions 

(mainly DNA quality and dilutions) for sequencing next. 

Fingerprinting 

All the PCR  fragments were visualized  by electrophoresis on a  1% agarose gel 

containing ethidium bromide gel ( as mentioned before) and the dilution of DNA that 
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worked best in initial PCR was used for the second PCR for sequencing with Ion Torrent 

(IT) technology (Life Technologies). The second PCR was performed for each sample 

using the same conditions as described above. The only difference was that both primers 

had a specific adaptor to use with IT technology and the forward primers had a barcode 

(or tag) incorporated into the primer sequence to be able to differentiate the sequences for 

different samples (Gillevet, 2012). 

The PCRs were done in duplicate and run for fingerprinting on an ABI3130 

capillary machine (Life Technologies) to check the products and choose the best product 

to pool for sequencing.  

The appropriate amounts of DI was added to the wells for each corresponding 

dilution dependent on band strength and that was added to ILS 600 and HiDi- formamide 

to denature the amplicons. Dilution reduces the risk of small PCR fragments like primers 

or primer dimers overwhelming the capillaries. Stronger samples also need to be diluted 

so they are not out of range for analysis. The LH-PCR fingerprints were then run per the 

manufacturer’s instructions. The fingerprints were viewed for quality control. Based on 

the fingerprints the samples were then pooled for sequencing.  The sample pool was 

purified using Ampure kit (Beckman/Coulter) to remove any primers or nucleotides.  

Sequencing 

The subsequent sequencing was performed with Ion Torrent Technology (Life 

Techonologies) using the manufacturer’s protocols. The data was initially analyzed with 

Ion Torrent software which produced a fastq file.  A perl script was used to convert the 

FASQ file into a fasta and qual file for analysis. Another perl script was used to 



18 

 

demultiplex the sequences and to assign the right IDs to samples based on the barcodes 

(or tags).The resulting fasta file was uploaded into Galaxy portal on Microbiome Analysis 

Center (MBAC) website (http://mbac.gmu.edu:8080) for further analysis. 

On Galaxy a local Bayesian analysis was performed on the sequences in the fasta 

file. The bootstrap minimum was 80% for the analysis.  The RDP-11 (Ribosomal 

Database Project v11) Bayesian classifier identified the fungi sequences to the genus and 

species level with both the UNITE and WARCUP fungal databases. The resulting data 

was then annotated with the tag file (which had the sample ID information) and then 

parsed to create an abundance table with an abundance cut off of 0.1%.  The abundance 

table was then was imported into an Excel spreadsheet for further analysis.  Any fungal 

type that was considered rare (< 1% off total fungal types) was eliminated as was any 

fungal type that was less than 5 samples in the entire sample set, or any samples with few 

identified fungi, and all outliers. The resulting data was organized in an abundance bar 

chart and subject to multiple multi-variant analyses. 

Statistical Analysis 

The abundance dataset was analyzed using the PC-ORD® Program. The 

molecular analyses resulted in a multi-variant dataset consisting of 54 fungal samples 

distributed among five test groups. These fungal samples were the entities for statistical 

analyses. The final 16 different sequenced species that remained after removing all 

species with an abundance of less than 5% were the attributes for the statistical analyses.  

An NMS or Non- Metric Multi-dimensional Scaling was used to understand the 

relationship among the samples based on their species and find the dissimilarities in the 

http://mbac.gmu.edu:8080/
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data set. The PC-ORD® Program settings included a Sorenson (Bray-Curtis) distance 

measure between the data points over multiple iterations to generate ordinations of the 

data.  NMS is a repetitive process that’s goal is to provide a low dimensional 

representation (Euclidean) of data distributed in a higher dimensional matrix (Sorenson). 

The NMS analysis was run multiple times until the stress was within the < 20 range and 

the p-value was also appropriately low. The PC-ORD® Program repeats the NMS 

analysis many times until the data points in both the Sorenson and Euclidean Matrices are 

most closely matched and no further improvements can be made. The more the points 

match the lower the stress. The less the points match the higher the stress. The NMS 

analysis was visualized both graphically and tabulated to show relevant relationships 

(Peck, 2010).  

In order to determine the significance of the relationships in the fungal 

abundances within the context of certain soil parameters a multiple Multi-Response 

Permutation Procedures was run. A pairwise comparison MRPP analysis was run to 

compare the different experimental groups to each other to determine if the distribution of 

samples is effected by the different soil types in the experimental groups. The MRPP 

analysis was used to corroborate the results of the NMS analysis which showed 

differences between the first 3 groups and the last 2. The MRPP analysis looks for group 

similarities and helps to determine if any of the sequenced fungal types are associated 

with a specific soil group based on % O vs. % N.  This analysis provides an (A) value 

and a p value. The (A) value provides an indication of how similar the sample units 

(fungal sequences) and if the grouping of samples are dependent on the soil type. The p-



20 

 

value indicates that the data distribution is not random and the results are significant. It is 

common in most environmental data sets to have (A) values below 0.10 (Peck, 2010). 

To determine if any particular species is indicative of a particular group either by 

its presence or absence based on that species relationship to the soil groups, an Indicator 

Species Analysis was run for most of the soil groups in the study. The two to three 

species with the highest IV value but also the most statistical significance (via p-values 

provided by a Monte Carlo test) were listed as the indicator species for each soil 

parameter (Peck, 2010).  

Groupings on Axis 1 of the NMS Analysis of the 5 soil treatments appeared to be 

differentiated. The scores of each sample on Axis 1 was tabulated and a univariant 

Kruskal-Wallis Non-Parametric Analysis of Variance was performed in the SPSS® ( 

IBM) Program to determine significant differences if any between the different 

experimental soil groups. .    
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RESULTS 

DNA was successfully extracted from most of the root-tip samples and the 

resulting DNA product was visualized on agarose gel (Figure 9), and those samples that 

did not have quantifiable DNA, evident by weak or no gel bands, were subjected to a 

second extraction and amplification. Not all of the missing or weak bands were able to be 

amplified. Successfully amplified DNA was tagged and amplified for fingerprinting 

(Figure 10) and sequencing. 

 

 
Figure 9 - PCR products from study on agarose gel 
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Figure 10 - Tagged PCR Products amplified for Fingerprinting 

 

Twenty PCR products were sequenced and identified to the species level after 

sorting through the RDP data and eliminating all rare species and outliers. An average 

abundance was calculated for each genus and graphed for further analysis (Figure 11)..  

The most abundant taxon overall was Scleroderma, followed by Tuber, Hebeloma, 

Podospora, Cenococcum and then Inocybe. 

Tuber melanosporum was identified in experimental Groups 1 and 2. The highest 

abundance of Tuber melanosporum was in Group 1 at 1.3 % of the total sequenced fungi. 

The abundance of Tuber melanosporum in Group 2 was below 1% at .03% of the total 

fungi sequenced (Figure 12). Other Tuber species were identified in the experimental 

groups with the exception of Group 5, where no Tuber was identified at all. Those 

species include Tuber pacificum and Tuber macrosporum. The abundances for each of 

the six dominant taxa identified in the samples represent averages for each experimental 
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group, identified by the soil composition of the group.  The genus Tuber was most 

abundant in Experimental Group 2 and not identified in Group 5. Scleroderma was most 

abundant in Experimental Groups 4 and 5 and least abundant in Groups 1 and 2. 

Hebeloma was most abundant in Experimental Groups 1 and 3, and least abundant in 

Experimental Groups 4 and 5. Podospora was most abundant in Experimental Groups 1 

and 3 and not identified in Group 5. Inocybe was most abundant in Experimental Group 1 

and least abundant in Experimental Group 3. Cenococcum was not identified in the first 

four experimental groups but was the second most abundant fungal taxon in Experimental 

Group 5. 

Figure 13 shows fungal biodiversity in soil from 5 year old seedlings in an 

experimental truffle orchard in Spain (Morcillo, 2016). This figure shows that Tuber 

melanosporum comprised only 8% of the total sequenced fungal species on the sampled 

trees. The genus Tuber made up a total of 21% of the total sequenced fungi. In 

comparison to the Morcillo (2016) figure the distribution of Tuber melanosporum from 

the current study was 1.3% in the tree roots sampled from the first experimental group 

(just a little over a year old), which was most ideal for T.melanosporum, and where 

T.melanosporum was most abundant. The total abundance of genus Tuber sequenced was 

4.5 % (Figure 14). 
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Figure 11 - Most Abundant Genera throughout Study 
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Figure 12 - Average Abundance of Sequenced Species 
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Figure 13 - Fungal biodiversity in 5 year old Tuber melanosporum inoculated trees in 2016 Spanish study 

Morcillo, M. (2016, September 29). Soil Fungal Biodiversity in a Young ( 5 year old) T.  melanosporum Orchard. 

Micologia Forestal and Aplicada. Barcelona, Catalonia, Spain: Blog 
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Figure 14 - Comparison of sequenced fungi of Spanish trees and sequenced fungi from the current study 

formatted for direct comparison to 2016 Spanish study 

 

NMS Analyses 

An NMS analysis was run on the RDP data for two axes. The NMS analysis was 

run multiple times until an acceptable minimum stress was achieved with the Sorenson 

distance measurement in addition to this minimum stress being statistically significant 

(Table 3). The NMS analysis showed the best distribution of the data points along Axis 1 

but with a great deal of overlap. Centroids for each experimental group were put into 

place to better distinguish the differences between the groups. The centroids show a clear 

separation between Groups 1,2,and 3 and Groups 4, and 5,  with centroids for samples 

from Groups 1,2 and 3 toward the left along Axis 1 and centroids for samples from 

Groups 4 and 5 toward the right along Axis 1(Figure 17). 
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Figure 15 - 2D Graphical Representation of NMS Analysis With Clustering. The numbers represent samples 

from their respective groups (color-coded as indicated at upper right). The dots represent species. 

 

Table 3 – Tabulated NMS Results 

 

 Analysis Result Interpretation  

Scree Plot Minimum Stress of 22.049; pvalue=0.0040 for 2 axes* The Scree Plot  minimum stress was 
in the acceptable to proceed to NMS 

analysis 

NMS Minimum Stress of 15.235; pvalue=0.0196 for 2 axes* 

The minimum stress of this data was 
within the acceptable range of 5-15. 
The fungal species are not in strong 

groupings. 
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To determine if the differences between the groups were statistically significant 

required a Non-Parametric Analysis of Variance (ANOVA), or Kruskal Wallis Analysis. 

The Kruskal-Wallis analysis used the tabulated Axis 1 scores from the NMS analysis as 

the univariant attribute to analyze whether there were differences between groups and 

specifically which groups were significantly different from each other in terms of sample 

distribution. The results of the Kruskal-Wallis analysis were then tabulated (Table 4).  

There was a statistically significant difference between experimental Group 1 and 2 from 

Groups 4 and 5 (1 to 5 [p=0.0005], 1 to 4 [ p=0.015] , 2 to 5 [ p= 0.01], 2 to 4 [ p= 0.02]). 

Groups 1, 2, and 3 were not statistically different from each other (1 to 3 [ p= 0.90], 2 to 

3 [ p= 0.98]). Group 4 and 5 were not statistically different from each other (p= 0.74). 

Group 3 was borderline significantly different from Group 5 (p= 0.05) and significantly 

different from Group 4 (p= 0.02) (Table 4). 

 

Table 4 - Non-Parametric ANOVA (Kruskal-Wallis Analysis) 

Nonparametric: Kruskal-Wallis Test P - value Analysis 

Comparing Axis 1 scores with 

Experimental Groups 

<.000 There is at least one significant difference between the groups 

With two side-probablilities   

Group 1 to Group 5 .0056 There is a significant difference between Group 1 and Group 

5 

Group 1 to Group 4 .015 There is a significant difference between Group 1 and Group 

4 

Group 1 to Group 3 .90 There is NO significant difference between these two groups 

Group 1 to Group 2 .76 There is NO significant difference between these two groups 

Group 2 to Group 5 .01 There is a significant difference between Group 2 and Group 

5 

Group 2 to Group 4 .02 There is a significant difference between Group 2 and Group 

4 

Group 2 to Group 3 .98 There is NO significant difference between these two groups 

Group 3 to Group 5 .05 There is a borderline  significant difference between these 

two groups 

Group 3 to Group 4 .02 There is a significant difference between Group 3 and Group 

4 

Group 4 to Group 5 .74 There is NO significant difference between these two groups 
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MRPP and ISA Analyses 

The Multiresponse Permutation Procedure or MRPP analyses with a Euclidean 

distance measure also showed  that there were distinct species groupings within the 

different experimental groups (Table 5). The MRPP analysis shows that the sample 

groupings are not random p value ( p= 0.001). The low A value ( A= 0.0853)  indicates 

that the species in the groups would not be the distributed the same if soil type were not a 

factor. The low A value from this analysis is consistent with other environmental 

studies(Peck, 2010). The parewise comparison in the MRPP analysis showed that Groups 

1, 2 and 3 were different from Group 4 ( 1 to 4 p= .007; 2 to 4 p= .002; 3 to 4 p=.02) and 

that Groups 1, 2 and 4 were different from Group 5 ( 1 to 5 p= .03; 2 to 5 p=.01; 4 to 5 p= 

.03). Groups 1,2, and three were not different from each other nor were Groups3 and 5 

found to be different from each other.  

The ISA of the data showed up to three identifying species for each of the tested 

experimental groups. The indicator species for experimental Group 1 were Inocybe 

cervicolor, Podospora communis, and Cosmospora butyrii. The indicator species for 

experimental Group 2 were Plectosphaerella plurivora and Tuber pacificum. The 

indicator species for experimental Group 3 were Inocybe cervicolor and Hebeloma 

helodes. The indicator species for experimental Group 4 were Hebeloma helodes, 

Hebeloma cavipes, and Scleroderma areolatum. The indicator species for experimental 

Group 5 were Meliniomyces vraolstadiae, Cenococcum geophilum, and Podospora 

communis (Table 5). 
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Table 5 - Tabulation of MRPP and ISA Analysis Results 

 

 

Analysis Result Interpretation 

 MRPP/ISA  

MRPP by Experimental Group A=.0853, p=.001 

Pairwise 1 to 2 p=.25, 1 to 3p=.76, 1 to 4 

p=.007, 1 to 5 p=.03; 2 to 3 p=.81, 2 to 4 

p=.002, 2 to 5 p=.01; 3 to 4 p=.02, 3 to 5 

p=.09; 4 to 5 p=.03 

Within Grouping Agreement value ( A) 

Indicates that there is some heterogeneity 

within the groups.The p value indicates that 

the groupings of the samples are not random 

There were significant differences between 

groups 1,2,3 from group 4 and group from 

1,2, and 4 from group 5 

ISA for Experimental Group 1 Inocybe cervicolor ( IV=78.2, p=0.04) 

Podospora communis(IV=76.8,p=.001), 
Cosmospora butyrii (IV=49.8,p=.009) 

Indicator species were identified for all of 
the experimental groups 

ISA for Experimental Group 2 Plectosphaerella plurivora(IV=71.9,p=.03), 

Tuber pacificum(IV=41.8, p=.01)\ 
The low IV values indicate a times very fine 

differences between groups 
ISA for Experimental Group 3 Inocybe cervicolor(IV=80.0,p=.02), 

Hebeloma helodes(IV=64.6, p=.04) 
 

ISA for Experimental Group 4 Hebeloma helodes( IV=81.1,p=.0004), 

Hebeloma cavipes( IV=74, p=.008, 

Scleroderma areolatum ( IV=69.4,p=.009) 

 

ISA for Experimental Group 5 Meliniomyces 

vraolstadiae(IV=91.1,p=.0002), 

Cenococcum geophilum(IV=83.3,p=.0002),  

Podospora communis( IV=68.4,p=.002) 
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DISCUSSION AND CONCLUSION 

The purpose of this study was to investigate the interactions of the introduced 

fungus Tuber melanosporum with native Mid-Atlantic mycorrhizal fungi. It was 

hypothesized that Tuber melanosporum would out-compete native fungi in the soil 

environment specifically amended to be most ideal for T. melanosporum, i.e. 

Experimental Group 1. It was also hypothesized that if Tuber melanosporum were to 

leave the amended orchard area that it would be out competed by the local mycorrhizal 

fungi and would not become invasive. 

Differences were noted in the NMS Analysis between the different experimental 

group centroids, particularly between the centroids of Groups 1 and 2 vs. groups 4, and 5. 

There was also a significant difference between Group 3 and Groups 4, and 5. There were 

no differences between Groups 1, 2, and 3 from each other and no differences between 

Groups 4 and 5 from each other (Fig. 16 and Table 4). The indicator species for those 

groups differed as well. Certain species like Podospora communis, Tuber pacificum, and 

Inocybe cervicolor found in Experimental Groups 1 and 2 appear to have similar 

preference for soil conditions with a high percentage of orchard soil but not the soil 

conditions characteristic of Groups 4 and 5 with a low percentage of orchard soil. It was 

hypothesized that Tuber melanosporum would out-compete native fungal species in the 

amended soils of a Mid-Atlantic truffle orchard, yet the abundance of T. melanosporum 
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was low across all groups, representing 1.3% of the total sequenced fungi in Group 1, 

negligible in Group 2, and not present at all in groups 3,4, and 5. In Experimental Group 

1, the entire genus Tuber, on the other hand, represented a total of 4.5% of all the 

sequenced fungi (Figures 11 and14). The data of this study did not support the hypothesis 

that Tuber melanosporum will out-compete the other native ectomycorrhizal fungi inside 

the amended orchard site.  

In the Morcillo 2016 study in Catalonia, Spain, soil samples retrieved from the 

“Brule" area (the area beneath truffle trees devoid of plant life due to the herbicidal effect 

of the fungi) surrounding five year trees in a truffle plantation showed that Tuber 

melanosporum made up only 8% of the total sequenced fungi from that study, whereas 

Tuber genera made up a total of 21% of the total fungi sequenced (Morcillo, 2016). 

Although the Morcillo 2016 results were from the soils associated with inoculated trees, 

they are consistent with the results presented here from the roots of young mycorrhizal 

trees, i.e., T. melanosporum is not the dominant species in inoculated trees. Several things 

could have contributed to the lower abundance of Tuber melanosporum in the first 

experimental group in this study when compared to the abundance of T. melanosporum in 

the 2016 Spanish study (Morcillo, 2016). In the Morcillo 2016 study the trees were 5 

years of age compared to the 1.5 year old trees examined here, so there was more time for 

mycorrhizal development. Furthermore, in the Morcillo 2016 study the DNA was 

amplified using primers specific for T. melanosporum, which may have detected a greater 

abundance of T. melanosporum than the universal fungal ITS primers used in the current 

investigation. Finally, the abundance of T. melanosporum may be greater in the 
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surrounding soil than what is infecting the roots. Nonetheless, both the Spanish study and 

ours indicated that T. melanosporum is not the dominant species associated with host 

roots inoculated with T. melanosporum. However, the lack of Tuber melanosporum in the 

remaining experimental samples and the overall abundance of other Tuber sp. did not 

support the first hypothesis stating that Tuber melanosporum would be more competitive 

in the amended soil conditions. 

In addition to Tuber there were several other taxa that were found with a high 

average abundance in most of the test groups in this current study. Those taxa include 

Scleroderma, Hebeloma, Podospora, and Inocybe. In a similar study assessing 

ectomycorrhizal communities on oak trees inoculated with Tuber aestivum in Missouri 

(Pruett et al 2008), major fungal taxa identified on the sampled root tips included 

Tomentella, Scleroderma, Hebeloma, and the Inocybaceae. Tuber aestivum requires 

similar soil conditions to Tuber melanosporum. The study in Missouri also found Tuber 

species from the Tuber maculatum clad and also Tuber rufum, Tuber whetstonense, and 

Tuber elessii in the root tip samples, which indicates that multiple indigenous Tuber 

species are prevalent in North America (Pruett et al, 2008). In Tuber aestivum orchards in 

Spoleto, Italy similar taxa were observed including the Inocybaceae, Tuberaeceae, and 

the Tomentelloid group on sampled tree root tips (Benucci et al., 2011). The Benucci 

2011 study, however, did not observe the presence of Scleroderma. Hebeloma, 

Scleroderma, Tuber, and Inocybe were also identified from the sampled root tips of pecan 

trees in Georgia in a study looking at Tuber lyonii, a native Tuber species (Benito et al., 

2011). In this Georgia study three other Tuber genera were sequenced although not 
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identified to the species level but were thought to be related to the maculatum clad 

(Bonito et al. , 2011). In the current study multiple Tuber species were sequenced from 

the samples in the different experimental groups, including Tuber melanosporum, Tuber 

separans, Tuber pacificum, and Tuber macrosporum. 

Not all of the genera were found in all of the test groups. In addition to the 

control, Tuber was identified in four of the five experimental groups. The only group in 

which Tuber was not identified at all was in the fifth experimental group, 100% native 

soil. Podospora was in four of the test groups (1-4). Hebeloma, Scleroderma, and 

Inocybe were found in all five test groups. Other fungal species found in only one test 

group and at low abundance were eliminated from further analysis. The exception was 

Cenococcum which was the second most abundant genus after Scleroderma in the fifth 

test group (100% wild soil) and was the dominant genus in the negative control (soil and 

root tips extracted from a native oak tree located outside the orchard area). Cenococcum 

was abundant enough in the fifth test group that the average abundance for Cenococcum 

throughout all of the test groups was one of the highest of all sequenced fungi. 

Although indicator species were good indicators of the different soil environments 

they did not always represent the most abundant species in each group. The indicator 

species for Group1 were Inocybe cervicolor, Cosmospora butyrii, and Podospora 

communis. Of these three species Podospora communis was the most abundant species in 

that experimental group, however, the Hebeloma species Hebeloma helodes was more 

abundant than both Inocybe cervicolor and Cosmospora butyrii. In this case Inocybe 

cervicolor was considered an indicator species not because it was most abundant but 
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because it showed fidelity throughout all the samples in Group 1. Cosmospora butyrii on 

the other hand showed exclusivity as it was not found in any other experimental group. 

Such was also the case in Group 2 with Plectosphaerella pluvivora which showed 

exclusivity to the group. In Group 3 Scleroderma areolatum was the most abundant 

species, however, Inocybe cervicolor and Hebeloma helodes were the indicator species 

because although they were not abundant they showed fidelity throughout the samples. In 

Group 4 Scleroderma areaolatum was again the most abundant and this time was also an 

indicator species but Hebeloma helodes was as well and the abundance of all Hebeloma 

species by Group 4 was considerably low, and low in every sample. This was the case 

with Podospora communis in Group 5. Meliniomyces vraolstadiae and Cenococcum 

geophilum exhibited exclusivity, Cenococcum geophilum was abundant in Group 5, but 

Meliniomyces vraolstadiae was not.  

The results of the Kruskal Wallis and MRPP analyses showed Experimental 

Groups 1 and 2 were similar to each other. The analyses also found Experimental Groups 

4 and 5 were very similar to each other and that there were significant differences 

between Groups 1 and 2  and Groups 4 and 5 (Fig. 16 and Table 4). The indicator species 

and most abundant species were similar as well between the noted group clusters, with 

certain species sharing preferences for certain soil conditions but not others. In 

Experimental Groups 1 and 2, Hebeloma helodes, Hebeloma cavipes, Cosmospora butyri, 

Tuber pacificum, Tuber macrosporum, Podospora communis, and Inocybe cervicolor 

were most abundant and most were indicator species for those groups. It can be assumed 

that these species share similar environmental soil preferences, 100% to 80% orchard 
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soil. In Experimental Groups 4 and 5 the most abundant species was Scleroderma 

areolatum, which was also considered an indicator species for Group 4, Cenococcum 

geophilum was also abundant in Group 5 and was considered an indicator species for that 

group. It would be reasonable to assume that those two species share similar preferences 

for the soil conditions in those two groups, 80% to 100% native soil. The species that 

were most abundant in Experimental Groups 1 and 2, Podospora communis and Tuber 

pacificum respectively, had very low to no abundance in Experimental Groups 4 and 5. 

This indicates that the soil conditions in Group 4 and 5 (low pH, low available calcium, 

and high organic matter) are not favorable to those species. Conversely, the most 

abundant species in Experimental Groups 4 and 5, Scleroderma areolatum was least 

abundant in Experimental Groups 1 and 2. This would indicate that the soil conditions in 

Group 1 and 2 (high pH, high calcium, and low organic matter) were not ideal for that 

species. In Experimental Group 3 which was a 50% blend of both the orchard and native 

soils the most abundant species was Scleroderma areolatum, however Hebeloma helodes, 

Hebeloma cavipes, Podospora communis, Tuber separans were abundant as well. Some 

of Experimental Group 3’s most abundant species were abundant in both Groups 1 and 2 

and others were most abundant in Groups 4 and 5. The Kruskal Wallis analysis found a 

significant difference between Groups 3, 4, and 5, although the difference between 

Groups 3 and 5 was borderline at p=0.05. The results of the MRPP analysis found that 

Group 3 and 5 were not significantly different. Perhaps Group 3’s soil conditions provide 

an environment for a transition in species. 
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Samples identified in the genus Tuber, generally were most abundant in Groups 1, 

2, and 3, but there was a relatively high abundance of Tuber macrosporum in a couple 

samples in group 4. Tuber melanosporum was most abundant in Experimental Group 1 

but its abundance was negligible in the other groups, while the other Tuber species were 

in relatively high average abundance in Groups 1, 2, and 3. With the exception of Tuber 

macrosporum in group 4, it appears that the overall Tuber species do not prefer the soil 

environments provided in Groups 4 and 5, which were primarily comprised of native, 

non-amended soil.  

The differences between the fungal communities in Experimental Groups 1 and 2 

vs Groups 4 and 5 indicate that fungal communities on tree root tips are affected by soil 

composition. There was a notable contrast between experimental Groups 1 and 2 and 

Groups 4 and 5, in terms of the abundance of Scleroderma, Tuber, Hebeloma, 

Podospora, Cenococcum, and Inocybe (Figure 12). This contrast was correlated with 

changes in soil composition from high % amended orchard soil to high % native soil 

although this correlation was not systematic.  

Optimal soil conditions for truffle cultivation include a narrow and specific range 

of pH and available nutrients. Ideally, the amount of available calcium should be above 

6000 ppm, the pH should be in a range of 7.8 to 8.3, organic matter should be no more 

than 3-6%, and the carbon to nitrogen ratio should be 8 to 12 (Sourzat, 2012). Native 

soils in the Mid-Atlantic do not provide optimal conditions. In this the soil conditions for 

Experimental Groups 4 and 5 had highest percentage of native soil. For Groups 4 and 5 

the soil parameters were well below those standards at a pH range of 5.8-6.3, available 
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calcium range of 780-1789, an organic matter composition range of 3.8-5.3%, and a 

carbon to nitrogen ratio range of 14.4-14.6. Therefore, the data presented here suggests 

that T.melanosporum is not likely to invade native Mid-Atlantic environments. Its 

abundance was even low under orchard conditions which were present in the first two 

experimental groups. Furthermore, while the genus Tuber was present in soil conditions 

approaching those of the native plant communities, it was absent in 100% native soil.  

The data from this study indicates that native Tuber species represent potential 

competition to T. melanosporum and should therefore possibly be considered 

contaminants in commercial truffle orchards in the Mid-Atlantic. In Europe Hebeloma is 

a known truffle orchard contaminant (Hall, T., & Zambonelli, 2007). Podospora 

communis is a coprophilous ascomycete found commonly in horse dung and is 

saprophytic and not likely to compete with mycorrhizal fungi (Chen, 2007). The orchard 

site was formerly a horse pasture so the presence of Podospora is not surprising. Inocybe 

cervicolor is a common basidiomycete found associated with a variety of hard wood trees 

(Arora, 1986). Given the evidence from the data in this study and based on evidence from 

other research implicating Hebeloma as an orchard contaminant, Hebeloma could prove 

to be a competitor for Tuber particularly if the seedlings planted were not sufficiently 

mycorrhizal. Scleroderma is a common mycorrhizal fungus found both in wooded and 

open environments (Arora, 1986). Both Tuber and Scleroderma were abundant in 

experimental Group 4 and if the conditions were more favorable for Scleroderma such as 

lower pH, higher organic matter content, and higher nitrogen, then Scleroderma could be 

considered a competitor for Tuber as well (Hall, T., & Zambonelli, A., 2007). 
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Cenococcum was included in the analyses because of its influence in the fifth 

experimental group and the negative control (soil and root tips extracted from a native 

oak tree located outside the orchard area). In the negative control Cenoccoum geophilum 

was the dominant species in the sample. Cenococcum was not identified in any of the 

other test groups other than test group five, which was 100% native soil. Based on this 

evidence, Cenococcum appears to be prolific in low pH and high organic matter 

environments and not tolerant to an increase in pH, calcium or a decrease in nitrogen or 

organic matter. Cenococcum geophilum is a common Mid-Atlantic ectomycorrhizal 

fungus associated with native pine and hard wood trees. There is no evidence here that it 

is competitive with Tuber in the orchard environment (Douhan & Rizzo, 2001). 

The data presented here indicate that native Tuber sp. and Hebeloma are potential 

competitors under high pH and high calcium, with a carbon to nitrogen ratio around ten, 

conditions characteristic of most truffle orchards. There is a possibility that seedlings 

poorly inoculated with Tuber could become hosts to Hebeloma instead, which could have 

occurred in Experimental Group 1 and other samples where Tuber and Hebeloma shared 

root space. Perhaps the abundance of Tuber in group 2 was due to better inoculation. In 

Groups 3, 4, and 5 Scleroderma appears to be competitive with Tuber when the pH and 

calcium is lower. These data suggest that Scleroderma could out-compete Tuber if the 

conditions were optimal for Scleroderma.  

In the Tuber genus, four separate Tuber species were identified, Tuber 

melanosporum, Tuber separans, Tuber pacificum, and Tuber macrosporum. Of those 

three species Tuber pacificum was the most abundant with 6.3 % of total sequenced fungi 



41 

 

followed by Tuber macrosporum, which was 5 % of total sequence fungi. In the ISA 

analyses it was Tuber pacificum that was identified as indicator species for the second 

experimental group. Although every sample in all the experimental groups was 

inoculated with same amount of Tuber melanosporum spores it was only observed at low 

abundance in group one and two. This suggests that Tuber melanosporum is at risk of 

competition from fungi including other Tuber species that share the same environmental 

requirements. The sourced truffles for inoculum were analyzed prior to inoculation and 

determined to be Tuber melanosporum, the other species are assumed to be in the soil. 

Tuber maculatum has been noted in pecan orchards in the southern United States (Bonito 

et al., 2011) and is a native truffle species from the Mid-Atlantic region (Trappe, 2007). 

To prevent contamination from alternative Tuber species in an orchard setting, seedlings 

in the greenhouse should be well established with Tuber melanosporum mycorrhizae 

before planting. 

Some questions remain, such as how the three other Tuber species arose in the 

samples. They were not identified in the negative control nor were they identified in 

experimental Group 5, 100 % native soil. A study involving seedlings grown in native 

soil and no introduced Tuber species, and with pH and calcium content increased to 

promote Tuber growth, might answer the question of where the alternate native Tuber 

species came from. Another question is what level of inoculation is enough to minimize 

contamination with any alternate competitive species. Exposing seedlings to varying 

amounts of Tuber melanosporum inoculum in the presence of known orchard 

contaminants could help answer this question. 
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Although Tuber melanosporum was not abundant enough in this study to 

determine any specific competitive relationships with other observed fungi in any of the 

experimental groups there was evidence of multiple fungal taxa occurring on the root tips 

of inoculated trees in a truffle orchard and that these fungi could prove to be competitive 

in the proper environment. The results of this study indicate that the chance of Tuber 

melanosporum becoming invasive is highly unlikely due to its low competitive nature 

with the native fungi even those that share the same soil parameters. To conclude, there 

seem to be several native fungal species that are competitors with Tuber melanosporum 

including several species within the Tuber genus. Avoiding contamination will involve 

diligent land management to keep optimal soil parameters for Tuber mycorrhization, and 

the planting of well establish mycorrhizal trees. Further investigation is warranted to 

determine the specific competitive relationships of Tuber melanopsorum and other Tuber 

species.   
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