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Effect of Garlic Mustard Invasion on Ectomycorrhizae 
in Mature Pine Trees and Pine Seedlings

Lauren A. Carlson, Kelly D. McConnaughay, and Sherri J. Morris1

Abstract.—Ectomycorrhizal fungi are mutualistic fungi that colonize the roots of many 
terrestrial plants. These fungi increase plant vigor by acquiring nutrients from the soil 
for their hosts in exchange for photosynthates. We studied the effect of garlic mustard 
(Alliaria petiolata) invasion on the density of ectomycorrhizal symbionts using two 
approaches. We found that roots from mature pine trees from a garlic mustard-invaded 
site and roots from pine seedlings grown in soil collected from a garlic mustard-invaded 
site had lower rates of ectomycorrhizal colonization and fewer fungal tips/cm compared 
to their respective controls grown in soils from uninvaded areas. These data suggest that 
garlic mustard invasion has the potential to alter mutualistic fungal interactions and 
negatively affect plants that depend on these fungi for nutrient acquisition.

INTRODUCTION

Mutualistic interactions between mycorrhizal fungi and plants are extremely important, but these 
associations can be difficult to observe and understand. The relationship between mycorrhizal fungi 
and land plants is a symbiotic interaction nearly 400 million years old; a vast majority of terrestrial 
plants exist in symbiosis with mycorrhizal fungi (van der Heijden and Horton 2009).

Mycorrhizal fungi receive about 10 to 60 percent of plant photosynthates in exchange for nutrients 
such as nitrogen (N) and phosphorous (P) obtained by the fungi. Plants receive up to 80 percent of 
their N requirements and up to 90 percent of their P requirements from mycorrhizal interactions 
(van der Heijden and Horton 2009). To accomplish this nutrient acquisition and exchange, the fungi 
create an increased surface area of hyphae to obtain soil nutrients, which allows the plant to allocate 
less energy to build extensive root systems. Fungal colonization also changes the physical structure of 
the root to facilitate exchange. However, mycorrhizal fungi do more than extend the area of the soil 
that can be explored by roots; they can also acquire nutrients in pools not available directly to plants. 
For example, many directly decompose litter (Leake and Read 1997) or prey upon live animals 
such as springtails (Klironomos and Hart 2001). Mycorrhizal symbionts also improve plant growth 
through other mechanisms such as influencing plant water relations (Allen 1991) and increasing 
resistance to pathogens (Gehring and Whitham 1994, Gehring et al. 1997, Peay et al. 2010). 
Mycorrhizal colonization is even more important for plant performance when plants are under stress, 
such as when environmental stress is high or nutrient availability is low (Gehring and Whitham 
1994, Gehring et al. 1997).

Two of the most common types of mycorrhizal fungi are arbuscular mycorrhizal fungi (AMF) and 
ectomycorrhizal fungi (EMF). Both AMF and EMF exchange nutrients with their plant partners (van 
der Heijden and Horton 2009). EMF are located on roots of trees in the Pinaceae (pine), Betulaceae 
(birch), and Fagaceae (beech) families as well as several other families, and estimates suggest that 
approximately 2,000 species of woody perennial plants are host to EMF (Gehring et al. 1997, Peay 
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et al. 2010). The majority of EMF-plant relationships are obligate symbioses (Koske 1992). In fact, 
all species of the Pinaceae family are considered to be involved in an obligate symbiosis with EMF, 
meaning that these plants cannot survive without their EMF partners (Horton et al. 1998). 

Changes to plant community structure or soil characteristics can alter the belowground mutualistic 
interactions. Plant species can negatively affect EMF by allelopathic means as well as through 
competition (Wolfe et al. 2008). Exotic plant species may have similar detrimental effects on fungi 
because these novel species can cause ecological changes in their introduced range (Stinson et al. 
2006). Alien invaders such as garlic mustard (Alliaria petiolata) may disrupt beneficial nutrient 
exchange between trees and fungi (Stinson et al. 2006). Garlic mustard (GM) is an herbaceous 
invasive species that has invaded the understory of North American forests. GM is a biennial plant 
that does not form symbiotic interactions with mycorrhizal fungi. GM-invaded soil has been shown 
to negatively affect AMF colonization of tree seedling roots (Stinson et al. 2006). The effects of GM 
invasion on EMF colonization are not as well known, but some studies have suggested GM may have 
deleterious effects on these symbiotic relationships (Wolfe et al. 2008). GM is believed to impact 
native plants by releasing allelopathic exudates such as flavonoids and glucosinolates (Inderjit et al. 
2008, Stinson et al. 2006). The effects on microbial communities are also believed to be mediated 
through these compounds and breakdown products resulting from their metabolism (Inderjit 2005).

In this study we examined the effect of GM presence on EMF colonization of pine tree roots 
in sandy soils. Literature suggests mutualistic relationships should be even more important in 
stressful environments such as nutrient poor sandy soils; therefore, there is great value in evaluating 
mycorrhizal colonization on this site. Due to the disruptive effect of garlic mustard on ecological 
associations, it was predicted that sites with GM would have pine roots with decreased EMF 
colonization and a decreased number of EM fungal tips compared to nonGM sites. It was further 
predicted that seedlings grown in field soils exposed to GM in a controlled laboratory environment 
would have decreased EMF colonization as well as a decreased number of EM fungal tips compared 
to seedlings grown in nonGM soil.

METHODS

Site Description

This study was located in Sand Ridge State Forest (SRSF), a glacial floodplain consisting of alluvial 
deposits from the late Woodfordian era near Forest City, IL (40.41°N  latitude, 89.87° W longitude). 
Sample sites consisted of red (Pinus resinosa) or white (Pinus strobus) pine stands established as a 
plantation in rows in the mid-1940s on former sand prairie with Bloomfield-Plainfield association 
soils of loamy sand texture. Stands were thinned several years after planting and did not have 
significant harvests in the intervening years. Red pine and white pine have been found in northern 
Illinois and are common on well-drained soils (IDNR 2014, NCSU 1998, U.S. Forest Service 2014).

Experimental Approach

Soil samples were collected from 36 GM and 36 nonGM areas at Sand Ridge State Forest in October 
2010 and used to grow red pine (Pinus resinosa) seedlings. Seedlings were grown in Cone-tainers™ 
within environmentally controlled growth chambers for approximately 2 months. Seeds were watered 
two to three times weekly, as needed, using a Ruakura solution (Smith et al. 1983).
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Pine root samples were collected at random from a known GM (n=15) and nonGM site (n=15) at Sand 
Ridge State Forest in April 2012 by using a trowel and collecting roots to a depth of 10 cm. Another 
sample set was collected from two GM sites (n=29) and two nonGM sites (n=30) in December 2012 
using a soil corer of 5 cm diameter to a depth of 10 cm. Soils were sieved and roots were removed.

Roots collected from the field and from seedling Cone-tainers™ were rinsed after removal. EMF 
colonization was evaluated morphologically on roots using a dissecting microscope. Root tips were 
counted, and mycorrhizal and nonmycorrhizal root lengths were measured using a gridded petri dish.

Percent EMF colonization and number of EM tips for GM and nonGM field samples were analyzed 
using a single-factor ANOVA. Outliers were removed using Grubs Test for Outliers. Assumptions 
for normality were met, including kurtosis, skewness, and homogeneity of variance. GM and nonGM 
soil seedling data were analyzed using a two-tailed two-sample t-test. Means denoted by the same 
letter are not significantly different within each figure. Significance was determined by p-values < 0.05 
and marginal significance from 0.05 ≤ p ≤ 0.10.

RESULTS

There was a marginally significant decrease in percent EMF colonization for seedling roots grown in 
GM soil compared to those grown in nonGM soil in the Cone-tainer™ study (Fig. 1). There was also 
a significantly lower number of EM tips/cm on seedling roots grown in GM soil compared to those 
grown in nonGM soil (Fig. 1). For field-collected roots, percent EMF colonization on the nonGM 
sites was significantly higher than for roots collected from the GM sites (Fig. 2). Also, number of EM 
tips/cm on field-collected pine roots from nonGM sites was significantly higher compared to pine 
roots collected from GM sites (Fig. 2).

DISCUSSION

We examined the effect of GM presence on EMF colonization of pine tree roots in a pine plantation 
on sandy soils. As predicted, the pine roots collected from the GM site had a decreased amount 
of EMF colonization and EM tips/cm compared to those collected from the nonGM site (Fig. 2). 
These results suggest that the presence of GM has a negative effect on EMF colonization. Studies 

Figure 1.—Percent ectomycorrhizal colonization (A) and number of EM tips/cm of root (B) for seedlings 
in a growth chamber study grown in nonGM and GM soil (n1=34, n2=29) collected from Sand Ridge State 
Forest, reported as mean ± 1 S.E. Significance was determined at p < 0.05, *indicates a marginal significant 
difference, 0.05 ≤ p ≤ 0.10.
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have shown GM to have detrimental effects on EMF. One study found that the EM fungal root tip 
biomass was significantly lower in sites that had experienced GM invasions, and for pine seedlings 
grown in pots containing GM (Wolfe et al. 2008).

Similar results have been found in studies using greenhouse experiments to evaluate ectomycorrhizal 
inoculum potential. Wolfe et al. (2008) grew pine seedlings in pots containing soil exposed to GM. 
Again, there was a significant difference in EMF root tip biomass between pines in pots with GM 
exposed soil and pines in pots with soil not exposed to GM. Similar to Wolfe et al. (2008), our study 
found  decreases in EMF in seedlings grown in GM soil in the greenhouse (Fig. 1). As predicted, 
seedlings grown in GM soils had a significantly lower, but marginal, percent EMF colonization 
compared to seedlings grow in nonGM soil (Fig. 1). There were also significantly lower numbers 
of EMF tips/cm on the pine seedling roots grown in GM soil compared to those grown in nonGM 
soil (Fig. 1). The results of this study suggest that GM invasion inhibits EMF in the field, and that 
these findings can be replicated in a controlled greenhouse environment, which can allow for further 
experimentation on GM and its effects on properties of EMF.

Because many plants rely heavily on their associations with EMF for nutrient acquisition, 
alterations to mycorrhizal relationships will impact nutrient acquisition and ultimately forest 
health (Amaranthus and Perry 1994). Decreases in ECM inoculum can also impact ecosystem level 
processes such as succession and recolonization following disturbance (Allen et al. 1992). Further, 
the widespread invasion of GM may cause changes to the distribution of EMF and lead to the loss of 

Figure 2.—Percent ectomycorrhizal colonization (A) and number of EM tips/cm of root (B) for field samples 
collected in April 2012 (n1=15; n2=15) and percent colonization (C) and EM tips/cm (D) for field samples 
collected in December 2012 (n1=30; n2=29) from nonGM and GM sites at Sand Ridge State Forest, reported as 
mean ± 1 S.E. Significance was determined at p < 0.05.
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EMF and plants that require EMF in GM-invaded areas (Wolfe et al. 2008). Whether these impacts 
are the result of an overall decline in EMF inoculum or a change in EMF species diversity is unclear. 
Jones et al. (2003) examined impacts of clearcut logging on EMF decline. They suggested that loss 
of diversity or inoculum loss impacts productivity and overall forest health. To gain a stronger 
understanding of the effects of GM on native forest structure and function, further studies should be 
conducted to determine the mechanism(s) by which GM exerts negative effects on mycorrhizal fungi 
and the degree to which the impacts are species specific. Increased knowledge of the impacts of GM 
invasion may provide a better understanding of how to mitigate the negative effects of GM invasion 
on ecosystems.
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