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ABSTRACT 

The Ecophysiology and Evolution of Mycoheterotrophic Plants in the Tribe Pyroleae (Ericaceae) 
 

by 
 
 

Nicole Anakonia Hynson 
Doctor of Philosophy in Ecosystem Science 

University of California, Berkeley 
Professor Thomas D. Bruns, Chair 

 
  

 The original inspiration for this dissertation was to resolve the over two hundred year-old 
debate regarding the trophic nature of the leafless and non-photosynthetic species of Pyrola, 
Pyrola aphylla Sm. (Ericaceae).  To do this, I integrated the use of molecular methods and the 
analysis of stable isotopes to examine the role of mycorrhizal fungi in the carbon acquisition 
strategies of P. aphylla as well as its closely related and leafy-green sister taxa P. picta Sm. and 
Chimaphila umbellata (L.) W. Bartram.  My goals were to: 1) determine if P. aphylla was fully 
mycoheterotrophic and therefore dependent on mycorrhizal fungi to meet all of its carbon and 
nutrient demands (Chapter 1); 2) identify the mycorrhizal fungi associated with P. aphylla and P. 
picta (Chapter 2); 3) determine if P. picta and C. umbellata were partially mycoheterotrophic 
meeting their carbon demands both through photosynthesis and mycorrhizal fungi (Chapters 2 
and 3) and; 4) examine the role of increased shade on the degree of mycoheterotrophy in P. picta 
and C. umbellata (Chapter 3).   
 The novel findings of this work include a new example of full mycoheterotrophy in 
Ericaceae based on the similarity of the carbon and nitrogen stable isotope values of P. aphylla 
to other full mycoheterotrophs that associate with ectomycorrhizal fungi.  Surprisingly, unlike all 
other fully mycoheterotrophic plants within Ericaceae based on the DNA sequence analysis of 
the fungi associated with P. aphylla, this species has not specialized on a particular lineage of 
ectomycorrhizal fungi.  Rather, P. aphylla associates with a phylogenetically broad suite 
ectomycorrhizal fungi and there is little to no overlap in fungal symbionts of this species across 
its geographic range.  Pyrola picta was also found to associate with a diversity of 
ectomycorrhizal fungi indicating that fungal specificity is not necessarily a precursor to the loss 
of photosynthesis among mycoheterotrophic plants.  Furthermore, both P. picta and C. umbellata 
have nitrogen stable isotope values that are indistinguishable from fully mycoheterotrophic 
species in Ericaceae, while their bulk leaf carbon stable isotope values are most similar to 
autotrophic plants in the forest understory.  These findings led to the final experiment of this 
dissertation where leaf soluble sugars of P. picta and C. umbellata were extracted and analyzed 
for their carbon stable isotope values.  This experiment was conducted on populations of P. picta 
and C. umbellata in the foothills of the Sierra Nevada Mountains in California.  In the field, light 
availability and access to mycorrhizal networks were manipulated to determine if the degree of 
dependency on fungal carbon gains in the two test species increased under decreased light 
availability.  This study revealed that P. picta and C. umbellata have disparate ecophysiologies 
that are potentially related to their C-acquisition strategies.  Based on the out-put of an isotope 
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mixing model C. umbellata showed no indications of mycoheterotrophy while P. picta is 
partially mycoheterotrophic, but a decrease in light availability did not significantly increase the 
fungal-C sink strength of this species. 
 Based on the outcomes of this dissertation, future work on mycoheterotrophic plants 
should include: examining within an coevolutionary framework the significance of fungal 
specificity for mycoheterotrophy, determining what factors-environmental or physiological, lead 
to the nitrogen stable isotope values of these plants, and gaining a better understanding of the 
biochemical pathways and transformations of carbon and nutrients in this symbiosis.  The tribe 
Pyroleae provides a useful group with which to explore these lines of research, as it is the only 
group of eudicots found thus far that contains species across the spectrum from autotrophy to full 
mycoheterotrophy.   
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Abstract 
 Botanists and mycologists have long debated the potential for full myco-heterotrophy in 
the achlorophyllous Pyrola aphylla (Ericaceae).  Here I address the ecophysiology of this 
putative myco-heterotroph and two other closely related green species in the tribe Pyroleae 
(Pyrola picta, Chimaphila umbellata).  The stable isotopes of carbon and nitrogen (δ13C and 
δ15N) were analyzed from 10 populations of Pyroleae species in California and Oregon.  For all 
populations isotope signatures were tested for significant differences between P. aphylla, green 
pyroloids, surrounding autotrophs and obligate myco-heterotrophs.  Throughout all populations 
P. aphylla was most similar to myco-heterotrophs that associate with ectomycorrhizal fungi in its 
13C signature (average enrichment ε13C=6.9±0.9‰) and even more enriched in 15N than many 
previously recorded myco-heterotrophic species (average enrichment ε15N=18.0±2.2‰).  The 
two green Pyroleae species were not enriched in 13C compared to the autotrophic understory (C. 
umbellata average enrichment ε13C=-0.5±1.0‰ and P. picta average ε13C=0.3±1.4‰) and their 
15N signatures were similar to myco-heterotrophs that associate with ectomycorrhizal fungi (C. 
umbellata average enrichment ε15N=10.6±1.6‰ and P. picta average ε15N=10.6±1.9‰).  This is 
the first study to analyze the isotope signatures of P. aphylla from a wide geographic region and 
our results confirm the variable trophic strategies of adult plants within the Pyroleae and the 
myco-heterotrophic status of P. aphylla. 
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Introduction 
 The physiology and taxonomy of pyroloids (species within the tribe Pyroleae, family 
Ericaceae) has confounded researchers for over 200 years (Jussieu 1789; Holm 1898; Henderson, 
1919; Camp, 1940; Haber, 1987).  The debate over the taxonomy of pyroloids has been partially 
fueled by the occurrence of leafless forms of plants within the genus Pyrola that are potentially 
myco-heterotrophic. In particular the leafless form of P. picta Sm. referred to here as P. aphylla 
Sm. (Figure 1) is thought by some researchers to be an extreme morphological variant of P. picta 
that receives nutrition through parasitizing its mycorrhizal associates (Camp, 1940).  Conversely, 
Haber (1987) considered P. aphylla to be receiving nutrition via a rhizomatous connection to 
green P. picta rosettes, while Smith (1814) considered them discrete species and therefore 
physiologically independent.  Smith’s 1814 determination of P. picta and P. aphylla as separate 
species is supported by the existence of P. aphylla populations in the absence of P. picta (Haber, 
1987, personal observation). This observation also supports the potential for myco-heterotrophy 
in P. aphylla.  Full myco-heterotrophy entails a complete dependence on organic nutrient gains 
via a symbiosis with a fungus (Leake, 1994). In many cases these plants are actually 
"epiparasites" that receive the majority of their carbon indirectly from surrounding autotrophic 
plants through a shared mycorrhizal fungus (Taylor et al., 2002), but even in these cases nitrogen 
is received directly from the fungus (Leake, 1994).  
 Recently Freudenstein (1999) and Kron (2002) used phylogenetic methods to support the 
placement of pyroloids in their own tribe: the Pyroleae, which is one of three tribes within the 
subfamily Monotropoideae (Ericaceae).  However, the evolutionary relatedness of the tribes in 
Monotropoideae, and the phylogenetic delimitation species in the P. picta/P. aphylla complex 
have yet to be determined.  Apart from their unresolved taxonomy pyroloids are also of 
particular interest to those who study the ecology and evolution of myco-heterotrophy as the 
tribe contains closely related taxa that are all myco-heterotrophic in their early stages of 
development (Leake, 1994), but upon reaching adulthood appear to occupy the full spectrum of 
trophic habits from autotrophy to mixotrophy (Tedersoo et al., 2007; Zimmer et al., 2007) to full 
myco-heterotrophy in P. aphylla.  From an evolutionary perspective the variety of trophic 
abilities in Pyroleae is intriguing as the tribe’s two closest relatives Monotropeae and 
Pterosporeae contain only fully myco-heterotrophic species (Kron & Johnson, 1997; 
Freudenstein, 1999).  The ecological factor(s) driving the variability in photosynthetic abilities 
between closely related Pyroleae species remain elusive, but it has been proposed that both 
limited light availability and the presence of particular mycobionts may be responsible 
(Bidartondo et al., 2004; Julou et al., 2005).  
 In this study rather than using a phylogenetic approach to examine evolutionary 
relationships between pyroloids (this has been done to some extent by Freudenstein, 1999) I 
chose to address the ecophysiology of these plants through the analysis of the natural abundances 
of the stable isotopes of carbon (13C:12C) and nitrogen (15N:14N) of pyroloids, surrounding 
autotrophs and full myco-heterotrophs. The analysis of the natural abundance of stable isotopes 
in plants is a powerful tool to distinguish carbon sources and metabolic pathways (Farquhar et 
al., 1989; Dawson et al., 2002).  Previous work has shown that fully myco-heterotrophic plants 
that associate with ectomycorrhizal fungi are significantly enriched in the heavy isotopes of C 
and N compared to autotrophic understory plants, and have carbon and nitrogen isotope 
signatures similar to ectomycorrhizal fungi, their sole carbon and nitrogen source (Gebauer & 
Meyer, 2003; Trudell et al., 2003; Bidartondo et al., 2004; Julou et al., 2005). It has also been 
reported that some green orchids and pyroloids that associate with ectomycorrhizal fungi have 
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carbon isotope values intermediate between autotrophs and myco-heterotrophs (Gebauer & 
Meyer, 2003; Tedersoo et al., 2007; Zimmer et al., 2007). This finding indicates that they can 
utilize at least two different trophic pathways and therefore tap into isotopically distinct carbon 
and nitrogen sources, one by carbon gains through ectomycorrhizal fungi and nitrogen gains 
through a distinct (but undetermined) pathway compared to autotrophs, and the other through a 
similar pathway as autotrophic mycorrhizal plants.  These plants have been referred to as 
mixotrophs or partial myco-heterotrophs (Gebauer & Meyer, 2003; Bidartondo et al., 2004; 
Julou et al., 2005; Abadie et al., 2006; Tedersoo, 2007; Zimmer et al., 2007). The relative 
enrichment in 13C of mixotrophic orchids and pyroloids compared to neighboring autotrophic 
plants appears to be site specific and possibly influenced by light availability (Bidartondo et al., 
2004; McCormick et al., 2004; Julou et al., 2005; Tedersoo et al., 2007; Zimmer et al., 2007). 
Mixotrophic plants that associate with ectomycorrhizal fungi are also enriched in 15N compared 
to surrounding autotrophic plants (Gebauer & Meyer, 2003).  The mixotrophic abilities of 
pyroloids have been at the center of current debate because based on carbon stable isotope 
abundances the same species from different geographic regions appear to have varying degrees 
of mixotrophy (Tedersoo et al. 2007; Zimmer et al. 2007).  The potential reasons for this 
variability among green pyroloids are further addressed here.   
 The goal of this study was to determine the trophic strategies of the green pyroloid P. 
picta and the achlorophyllous P. aphylla.  In a previous study (Zimmer et al., 2007), both P. 
aphylla and P. picta were analyzed for their stable isotope values of carbon and nitrogen from a 
single site in northern California.  The results of this work found P. aphylla to have isotope 
signatures for both elements that were similar to other ericaceous myco-heterotrophs; while P. 
picta had a carbon isotope signature similar to surrounding autotrophs, but was enriched in 15N 
similar to myco-heterotrophs that associate with ectomycorrhizal fungi.  However, this study was 
based on a small sampling of the two Pyrola species, so the relevance of these findings to the 
overall distribution of the species is currently unknown.  In the present study I sought to confirm 
these findings by determining the stable isotope signatures of C and N for P. picta and P. aphylla 
from more intensively sampled populations as well as sampling over a wider geographic region, 
and including an additional green pyroloid species (Chimaphila umbellata) that’s isotope values 
have only been previously examined from a Bavarian forest. I then compared the isotope 
signatures of P. aphylla, P. picta, and C. umbellata to each other, and to autotrophic and fully 
myco-heterotrophic plants to test for myco-heterotrophy and mixotrophy in Pyroleae.   
 
Methods 
 Study sites  
 To examine the trophic strategies of pyroloids from a wide geographic area of their 
natural range samples were collected from six National Forests in northern California and 
southern Oregon including El Dorado, Tahoe, Plumas, Lassen, Shasta and Willamette.  The 
selection of sampling sites (P1-P10) was based on the presence of the target Pyroleae species: 
Pyrola aphylla Sm. and Pyrola picta Sm. All sites are dominated by second-growth mixed 
conifer forest at elevations between 700 and 1400 m.  Locations and species collected are 
summarized in Table 1. 
 
Sampling scheme and species investigated 
 All samples were collected within an eight-day period from June 30th-July 7th, 2006. 
Collection of target species’ leaves or flower stalks, autotrophic reference plants’ leaves and 
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myco-heterotrophic plants’ flower stalks was limited to an area of 2 meters from a target species 
individual and sampling of autotrophic references was done only from understory saplings.  This 
strategy was used to limit the variability of environmental factors such as atmospheric CO2 
concentrations and isotope signatures that could affect plant carbon isotope values or soil type 
that could affect nitrogen isotope values (Gebauer & Schulze, 1991).  However, variation in the 
nitrogen isotope values of our collected samples due to possible differences in rooting depths of 
the plants were not accounted for (Robinson, 2001).  Each collection site contained P. aphylla or 
P. picta, or both, plus a minimum of five individuals of at least one species that could be used as 
reference plants representing the autotrophic understory (Table 1). To test for differences in the 
isotope values between plant organs, whenever possible flowering stalks from P. picta were 
collected and analyzed separately from leaves (Table 1).  Four sites (P1, P2, P6 and P7) 
contained the fully myco-heterotrophic species Pterospora andromedea Nutt. and Corallorhiza 
maculata (Raf.) Raf. and four sites (P1, P5, P6 and P7) contained the green pyroloid Chimaphila 
umbellata (L.) W. Bartram, (Table 1).  A total of 37 P. aphylla, 42 P. picta, 18 Chimaphila 
umbellata individuals along with 17 fully myco-heterotrophic plants of two different species, and 
65 autotrophic reference plants of six species were collected. 
 
Stable isotope analysis 
 Plant samples were oven-dried at 37ºC and ground to a fine powder. Dried and ground 
samples were analyzed for nitrogen and carbon stable isotope abundances via elemental 
analyzer/continuous flow isotope ratio mass spectrometry at either the BayCEER - Laboratory of 
Isotope Biogeochemistry University of Bayreuth, Germany as described by Bidartondo et al. 
(2004) or at the Center for Stable Isotope Biogeochemistry at University of California Berkeley.  
Both labs used a dual element analysis mode with a continuous flow mass spectrometer coupled 
to an elemental analyzer (Berkeley: Europa ANCA - SL elemental analyzer coupled to a PDZ 
Europa Scientific 20/20 Mass Spectrometer, UK; BayCEER: Carlo Erba 1108, Milano, Italy 
coupled via a ConFlo III interface to a delta S, Finnigan MAT Bremen).  Measured abundances 
are denoted as δ values and are calculated according to the equation:  

 
δ15N or δ13C = (Rsample/Rstandard-1) x 1000 [‰] 

 
Where Rsample and Rstandard are the ratios of heavy isotope to light isotope of the samples and the 
respective standard. At the University of Bayreuth standard gases were calibrated with respect to 
international standards by using the reference substances N1 and N2 for the nitrogen isotopes 
and ANU sucrose and NBS 19 for the carbon isotopes.  At the University of California Berkeley 
standards N2 and NIST 1577 bovine liver, or NIST 1547 peach leaf and corn flour, were used for 
nitrogen and carbon isotope calibrations respectively. In the Bayreuth laboratory reproducibility 
and accuracy of the isotope abundance measurements were routinely controlled by measures of 
the test substance acetanilide (Gebauer & Schulze, 1991). At least six test substances with 
varying sample weight were routinely analyzed within each batch of 50 samples. Maximum 
variation of δ13C and δ15N within as well as between batches was always below 0.2‰. In the 
Berkeley laboratory the long-term precisions for δ13C and δ15N based on the laboratory’s 
working standards (NIST 1577 bovine liver and sucrose solution) are: 0.1‰ for δ 13C and 0.2‰ 
for δ 15N.  Differences between the two laboratories are not to be expected because both 
laboratories refer to internationally accepted standards.  
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Statistics 
 Once δ values were obtained for all samples (Table 1), for each collection site the δ15N 
and δ13C values of all reference plants were tested for inter-site variation with a one-way 
ANOVA and Tukey’s HSD.  Due to significant differences at an ∝0.05 among δ15N values of 
the reference plants between sites (P6-P8 P=0.036, P6-P10 P=0.002) the δ values could not be 
pooled to make comparisons across sites. In order to make these comparisons δ values for both 
elements and all samples were converted into site-independent enrichment factors (ε).  The 
calculation of enrichment factors is a useful method that eliminates the majority of the influence 
of spatial variation on isotope abundances and therefore allows for comparison among samples 
from different sites (Emmett et al., 1998; Preiss & Gebauer, 2008) or substrates (Gebauer & 
Taylor, 1999).  First, for each site the δ15N and δ13C values of all species of reference plants were 
averaged.  Then, on a per site basis these averages were subtracted from all samples (pyroloids, 
reference and myco-heterotrophic plants) to create site independent enrichment factors (ε=δxS-
δxR) for each sample, where δxS=δ15N or δ13C of individual sample per site and δxR= mean δ15N 
or δ13C of all reference plants per site. Thus, the resulting means of both the ε 13C and ε 15N 
factors of the reference plants is equal to 0‰ and individual samples’ ε factors represent the 
difference from this mean. To appropriately test for differences between trophic groups 
(pyroloids, references, and myco-heterotrophic plants) the variance around the mean δ values of 
the autotrophic references used to calculate ε for pyroloids and myco-heterotrophs must be 
retained.  This is done through calculating ε not for only pyroloids and myco-heterotrophs, but as 
mentioned above, the reference samples as well. Where the individual ε15N and ε13C factors of 
each autotrophic reference plant sampled represents the variance of these sample’s δ values from 
the mean δ15N or δ13C of all references per a site and the inter- and intra site standard deviation 
of the ε15N and ε13C factors for all reference species is small (≤1‰ for both 15N and 13C, Table 
1). Statistical comparisons between all ε factors per group (pyroloids, myco-heterotrophic plants 
and autotrophic references) were made using non-parametric Kruskal-Wallis and sequential 
Bonferroni-corrected Mann-Whitney U tests for post hoc comparisons. To make more robust 
comparisons between pyroloids and full myco-heterotrophs I included ε factors of the two myco-
heterotrophic species collected at our sites (P. andromedea and C. maculata) as well as those 
from previously published data (Preiss & Gebauer, 2008) of seven fully myco-heterotrophic 
species C. maculata (n=12), Sarcodes sanguinea Torr. (n=14), P. andromedea (n=13), Neottia 
nidus-avis (L.) Rich. (n=31), Monotropa hypopitys L. (n=9), Cephalanthera damasonium L. 
albino (n=10) and C. longifolia (L.) Fritsch albino (n=9). Finally, ε factors for each element of all 
reference plants were averaged by species identity per site and a grand mean for all sites per 
reference species was calculated with an associated SD (Figure 2). For clarity, ε factors of all 
species collected are reported in the results section and presented in Figure 2 as species means 
±1SD.  Additionally, ε factors of the flowering stalks of P. picta were compared to those of their 
leaves and P. aphylla stalks from plots P6 and P7 using independent t-tests. 
 
Results 
Comparison of isotope signatures between trophic groups 
 The δ values of reference plants and myco-heterotrophic plants collected at our sites were 
within the range of previous records from temperate forests (Trudell et al., 2003; Zimmer et al., 
2007 and Table 1).  The enrichment factors (ε) of individual reference plants clustered around 
0‰, reflecting the small inter- and intraspecific variations in their isotope signatures that were 
not significantly different between sites, while enrichment factors for the other groups (pyroloids 
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and myco-heterotrophs) separated out into distinct groups based on the difference of their δ 
values from the mean of their respective references (Figure 2). Across all sites the two green 
Pyroleae species were as strongly enriched in 15N as the full myco-heterotrophs (C. umbellata 
average ε15N=10.6±1.6‰ and P. picta average ε15N=10.6±1.9‰, Figure 2).  However, these two 
species were not enriched in 13C compared to autotrophic reference plants (C. umbellata average 
ε13C=-0.5±1.0‰ and P. picta average ε13C=0.3±1.4‰, Figure 2). In contrast, across all sites the 
achlorophyllous P. aphylla had a 13C signature typical for myco-heterotrophic species associated 
with ectomycorrhizal fungi (average ε13C=6.9±0.9‰, Figure 2, Table 2) and was enriched in 15N 
(average ε15N=18.0±2.2‰ Figure 2, Table 2) compared to other pyroloids and surrounding 
autotrophs, similar to the findings of Zimmer et al. (2007).  Interestingly, I did find two P. 
aphylla plants in sites P1 and P4 that had very small basal leaves (Figure 1).  These leaves were 
analyzed separately for their isotope abundances.  They were found to be similar to stalks of 
other P. aphylla collections for nitrogen (P1 ε15N=15.8‰, P4 ε15N=12.8‰), and similar (P1 
ε13C=6.3‰) or less enriched in 13C (P4 ε13C=3.8‰) indicating that at least in the latter individual 
extremely low levels of photosynthesis may still be taking place, similar to the leafless stems of 
Corallorhiza trifida (Zimmer et al., 2008).   
 Independent t-tests revealed that comparisons of the enrichment factors of the flowering 
stalks of P. picta (average ε15N=10.7±0.6‰, ε13C=0.2±1.1‰) and P. aphylla (average 
ε15N=17.0±1.5‰, ε13C=5.9±0.5‰) at an ∝0.05 were significantly different from each other for 
both elements (ε13C P<0.001 and ε15N P=0.008) and the isotope signatures of the stalks from P. 
picta were not statistically different from the leaves (average ε15N=11.1±1.3‰ P=0.639, ε13C=-
0.4±1.2‰ P=0.452).  However, these tests were done with very low sample sizes as flowering 
stalks of P. picta were only collected from three plants in two sites (Table 1). 
 
Discussion 
 Pyrola aphylla exhibited enrichment in 15N that exceeds that of associated photosynthetic 
plants, other species in Pyroleae, and even most other analyzed myco-heterotrophs.  While the 
cause for this enrichment is unclear, it follows both the pattern of 15N enrichment found in green 
mixotrophic Pyroleae species (Tedersoo et al. 2007; Zimmer et al. 2007, and data presented 
here) and all previously analyzed myco-heterotrophic plants that associate with ectomycorrhizal 
fungi (Gebauer & Meyer, 2003; Trudell et al. 2003; Bidartondo et al., 2004; Julou et al., 2005; 
Abadie et al., 2006; Zimmer et al., 2007). Possible mechanisms that could be driving the high 
15N enrichment found in myco-heterotrophs relative to autotrophs include a difference in the 
physiological processing of nitrogen by mycorrhizal fungi when in association with myco-
heterotrophs and differences in N fractionation between fungal species (Gebauer & Taylor, 1999; 
Taylor et al., 2003; Trudell et al. 2003; Taylor et al., 2004; Nygren et al., 2007).  Similar to other 
ericaceous myco-heterotrophs, the N enrichment seen in P. aphylla is coupled with a less 
dramatic, though significant, enrichment in 13C.  Enrichment in 13C is a well established pattern 
in ectomycorrhizal myco-heterotrophs where carbon is passed from autotrophs to 
ectomycorrhizal fungi and finally to myco-heterotroph (Gebauer & Meyer, 2003; Trudell et al., 
2003; Leake, 2004).  
 It is interesting that even the green pyroloids from this study have a significant 
enrichment in 15N compared to surrounding autotrophs as recently there has been debate 
regarding the mixotrophic abilities of green Pyroleae species (Tedersoo et al., 2007; Zimmer et 
al., 2007).  Similar to the findings of Zimmer et al. (2007) this study found no evidence for C 
gain via mixotrophic means in either P. picta or C. umbellata adult plants.  However, compared 
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to C. umbellata individuals from Bavaria the samples from the western U.S.A. were more 
enriched in 15N relative to autotrophic reference plants and the 15N enrichment of both green 
pyroloid species from this study were most similar to myco-heterotrophic taxa other than P. 
aphylla (Figure 2).  I propose two potential possibilities for this pattern.  First, though all 
pyroloid seedlings are myco-heterotrophic, once they develop leaves carbon gains are primarily 
through photosynthesis, but they continue to gain nitrogen through an unknown uptake 
mechanism similar to myco-heterotrophs. A second possibility is that carbon gains via a myco-
heterotrophic strategy are still present, but the analysis of plants’ bulk-tissue carbon isotope 
abundances is not a sensitive enough method to detect these gains, which may only take place 
during certain seasonal, or plant developmental periods (Taylor et al., 2004).  
 In previous studies a linear isotopic mixing model has been used to estimate percent C 
and N gains via fungi in green pyroloids.  This model is based on the enrichment factors of 
pyroloids that are statistically distinct for either element from those of surrounding autotrophs 
that are then compared to the relative C and N enrichment of full myco-heterotrophs (Gebauer & 
Meyer, 2003; Preiss & Gebauer, 2008). However, due to the variability in isotope signatures of 
full myco-heterotrophs it is difficult to determine what species accurately represent the isotope 
signatures of the C and N pools actually accessed by the plants, and the choice of myco-
heterotrophic end-members can affect the estimated levels of myco-heterotrophy in new species 
being investigated.  In the case of P. aphylla, if the percent C and N gains via fungi were 
calculated using the mixing model first described by Gebauer & Meyer (2003), and a myco-
heterotrophic end-member based on the mean relative enrichment of seven fully myco-
heterotrophic plants associated with ectomycorrhizal fungi (Preiss & Gebauer, 2008) the 
estimated percent C derived from fungal material would be 96±12%.  This indicates that P. 
aphylla essentially gains all of its carbon from a source that is similar to other fully myco-
heterotrophic plants associated with ectomycorrhizal fungi. This conclusion fits well with the 
morphology of P. aphylla which lacks photosynthetic organs.  In contrast, if the same mixing 
model is used to calculate percent N gain via myco-heterotrophy, P. aphylla would gain over 
100% (149±18%) of its nitrogen from the source(s) utilized by the myco-heterotrophic end-
members. Thus the myco-heterotrophic species used as end-members in this scenario obviously 
do not fully represent the extent of variability in 15N signatures of myco-heterotrophs.  Until 
there is more definitive information on what factors drive the isotopic variability of myco-
heterotrophs-especially in the case of 15N enrichment - and the isotope signatures of the nutrient 
pools accessed by myco-heterotrophs, calculations of percent carbon and nitrogen gains via fungi 
in putative mixotrophs and myco-heterotrophs must be viewed as rough estimates.  
  
Final Remarks 
 The evidence for myco-heterotrophy in P. aphylla is now compelling. Our results based 
on the isotope signatures of P. aphylla and P. picta support one of the hypotheses put forth by 
Camp (1940) and others that P. aphylla does indeed behave as a parasite “deriving their food 
from the fungous [sic] mycelia associated with their roots”.  Whereas, Haber (1987) assumed 
that P. aphylla was one of many morphological forms of P. picta connected by a rhizome to 
near-by leafy rosettes.  Confirming these connections in the field between P. aphylla and 
surrounding P. picta plants is difficult as individual rhizomes can stretch for many meters in the 
soil.  However, due to significant differences in isotope signatures of P. picta and P. aphylla 
(Figure 2) this study provides no substantiating evidence for rhizomatous connections between 
the two.  Though there are reported differences among δ13C values of plant organs (Willmer & 
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Roksandic, 1980; Gebauer and Schulze, 1991; Badeck et al., 2005; Bowling et al., 2007) these 
differences are small compared to those found here between the leaves of P. picta and the 
flowering stalks of P. aphylla. Furthermore, when a small number of samples from the same 
plant organ (flowering stalks) from both plants were analyzed for carbon and nitrogen isotope 
abundances they were significantly different from each other for both elements.   
 The confirmation that P. aphylla is a myco-heterotroph provides some insights into the 
order of the evolutionary steps toward full myco-heterotrophy, especially because its close 
relatives exhibit trends towards myco-heterotrophy.  These trends include their dependency in 
early stages of development on fungal nutrition (Leake, 1994), an association with 
ectomycorrhizal fungi shared with overstory trees that could allow for epiparasitism, an 
enrichment in 15N similar to that of all ectomycorrhizal myco-heterotrophs studied to date, and 
though not found in this study, some green pyroloids have been found to be enriched in 13C 
compared to surrounding autotrophs (Tedersoo et al., 2007; Zimmer et al., 2007).  Similar 
approaches have been used to examine the transition to myco-heterotrophy in the orchids where 
the loss of photosynthesis was coupled with an increase in specificity toward particular lineages 
of mycorrhizal fungi (Bidartondo et al., 2004). Although the identities of the fungi associated 
with P. aphylla are yet to be determined, other closely related green pyroloids, including P. 
picta, have been found to associate with a suite of ericoid, endophytic and ectomycorrhizal fungi, 
the latter most likely providing the link between these plants and surrounding autotrophs 
(Robertson & Robertson, 1985; Bidartondo et al., 2004; Tedersoo et al., 2007; Zimmer et al., 
2007; Massicotte et al., 2008; Vincenot et al., 2008).  The elucidation of the fungal associates of 
P. aphylla is of great interest for the study of myco-heterotrophy as it may provide further insight 
into the evolution of these intriguing plants.  
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Table 1: Location, species, number of individuals (n), plant parts collected for stable isotope 
analysis at each sampling site (P1-P10), and mean δ15N (‰) and δ13C (‰) values ±1 standard  
deviation, *=pyroloid, ^=myco-heterotroph, ‡=autotroph, N.F.=National Forest. 
 

Site Location Species (n) Plant part Mean 
δ15N±1SD  

Mean 
δ13C±1SD  

P1 
 
 
 
 
 
 
 

P2 
 
 
 
 
 

P3 
 
 
 

P4 
 
 
 
 

P5 
 
 
 

P6 
 
 
 
 
 
 
 
 

P7 
 
 
 
 
 
 
 

El Dorado N.F., 
CA  
38˚54’01.70”N  
120˚34’26.77”W 
 
 
 
 
El Dorado N.F., 
CA 
38˚54’3.47”N  
120˚34’28.40”W 
 
 
Tahoe N.F., CA  
39˚31’2.84”N  
120˚59’26.46”W 
 
Tahoe N.F., CA 
39˚31’37.64”N  
120˚59’25.47”W 
 
 
Plumas N.F., CA 
40˚03’36.02”N  
120˚51’32.99”W 
 
Plumas N.F., CA 
40˚03’29.94”N  
120˚51’28.86”W 
 
 
 
 
 
 
Plumas N.F., CA 
40˚04’00.17”N  
120˚51’4.17”W 
 
 
 
 
 

Abies concolor‡ (5) 
Chimaphila umbellata* (4) 
Corallorhiza maculata^ (1) 
Pterospora andromedea^ (1) 
Pyrola aphylla* (6) 
Pyrola aphylla (1) 
Pyrola picta* (1) 
 
A. concolor‡ (5) 
P. andromedea^ (3) 
P. aphylla* (1) 
P. picta* (4) 
Ribes roezlii‡ (5) 
 
A. concolor‡ (5) 
Lithocarpus densiflora‡ (5) 
P. aphylla* (3) 
 
L. densiflora‡ (5) 
P. aphylla* (6) 
P. aphylla (1) 
P. picta* (3) 
 
A. concolor‡ (5) 
C. umbellata* (4) 
P. aphylla* (3) 
 
A. concolor‡ (5) 
C. umbellata* (5) 
P. andromedea^ (3) 
P. aphylla* (2) 
 
P. picta* (12) 
P. picta (2) 
 
 
A. concolor‡ (5) 
C. maculata^ (4) 
C. umbellata* (5) 
P. andromedea^ (5) 
P. aphylla* (2) 
 
P. picta* (6) 
P. picta (1) 

Leaves 
Leaves 
Stalk/Flower 
Stalk/Flower 
Stalk/Flower 
Leaves 
Leaves 
 
Leaves 
Stalk/Flower 
Stalk/Flower 
Leaves 
Leaves 
 
Leaves 
Leaves 
Stalk/Flower 
 
Leaves 
Stalk/Flower 
Leaves 
Leaves 
 
Leaves 
Leaves 
Stalk/Flower 
 
Leaves 
Leaves 
Stalk/Flower 
Stalk/Flower 
Stalk/Flower 
Leaves 
Stalk/Flower 
Stalk/Flower 
 
Leaves 
Stalk/Flower 
Leaves 
Stalk/Flower 
Stalk/Flower 
Stalk/Flower 
Leaves 
Stalk/Flower 

-3.4±0.9 
6.7±0.9 
10.9 
5.7 
16.4±2.3 
12.4 
5.6 
 
-4.0±0.7 
4.8±1.1 
17.9 
4.9±1.2 
-4.3±1.2 
 
-3.9±0.7 
-4.1±1.5 
13.8±0.2 
 
-3.7±1.0 
13.9±3.4 
9.0 
8.6±1.0 
 
-3.8±1.1 
6.2±1.9 
13.7±1.5 
 
-5.5±0.9 
6.3±1.8 
5.4±0.9 
10.4 
10.1 
5.0±0.8 
5.3 
4.5 
 
-3.7±1.0 
11.9±1.1 
6.5±1.5 
5.5±1.0 
15.0 
14.1 
8.2±1.4 
7.6 

-31.0±0.3 
-31.2±0.4 
-20.7 
-24.2 
-24.0±0.5 
-24.7 
-31.9 
 
-30.6±0.7 
-24.9±0.6 
-22.2 
-31.9±0.5 
-31.4±0.6 
 
-31.0±0.8 
-30.1±0.9 
-24.3±0.5 
 
-30.9±0.4 
-23.6±0.2 
-27.1 
-29.1±2.0 
 
-30.4±1.0 
-30.4±1.6 
-23.0±0.4 
 
-30.0±1.0 
-30.5±0.9 
-28.0±0.1 
-24.7 
-23.9 
-30.3±0.9 
-28.5 
-30.6 
 
-31.6±1.0 
-25.8±0.3 
-32.8±0.6 
-26.6±0.4 
-25.2 
-25.7 
-32.0±1.5 
-31.7 
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P8 
 
 
 

P9 
 
 
 

P10 

Lassen N.F., CA 
40˚13’39.97”N  
121˚11’03.99”W 
 
Shasta N.F., CA 
41º00’44.90”N  
121º39’13.35”W 
 
Willamette N.F., 
OR 
44º18’36.00”N  
122º00’36.02”W 

A. concolor‡ (5) 
P. aphylla* (5) 
P. picta* (10) 
 
P. aphylla* (5) 
Pseudotsuga menziesii‡(5) 
Quercus kelloggii‡ (5) 
 
P. aphylla* (4) 
P. picta* (5) 
Tsuga heterophylla‡ (5) 

Leaves 
Stalk/Flower 
Leaves 
 
Stalk/Flower 
Leaves 
Leaves 
 
Stalk/Flower 
Leaves 
Leaves 

-2.9±0.9 
13.7±1.1 
7.7±3.1 
 
15.5±0.9 
-5.3±0.8 
-2.5±1.0 
 
14.6±1.8 
7.8±1.1 
-2.2±0.8 

-30.9±0.7 
-23.9±0.7 
-29.8±1.4 
 
-24.3±1.5 
-30.7±0.7 
-30.8±0.3 
 
-24.6±0.2 
-31.2±1.0 
-31.9±1.9 
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Table 2:  Results of sequential Bonferroni-corrected Mann-Whitney U-tests for post hoc 
comparisons.  MHP=myco-heterotrophic plants, Auto=autotrophic references, P. picta and C. 
umbellata=green pyroloids, P. aphylla=achlorophyllous Pyrola. 
 

15N 13C Pair Alpha (∝) P value Alpha (∝) P value 
C. umbellata/MHP 
P. picta/MHP 
C. umbellata/P. picta 
C. umbellata/Auto 
P. picta/Auto 
P. aphylla/MHP 
P. aphylla/Auto 

0.025 
0.017 
0.05 
0.01 
0.006 
0.007 
0.008 

0.053 
0.038 
0.933 
<0.001 
<0.001 
<0.001 
<0.001 

0.008 
0.006 
0.017 
0.013 
0.05 
0.025 
0.007 

<0.001 
<0.001 
0.085 
0.041 
0.873 
0.523 
<0.001 
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Figure 1: Photographs of Pyrola aphylla, its rare “leafy” form and P. picta. From left to 
right, flowering stalks of Pyrola aphylla (close-up of flowers inset), P. aphylla with small 
leaves (arrow), and a leafy rosette of P. picta. 
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CHAPTER 2 
 
 

Evidence of a mycoheterotroph in the plant family Ericaceae that lacks mycorrhizal 
specificity 
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Abstract 
 Myco-heterotrophy is one of the longest studied aspects of the mycorrhizal symbiosis, 
but there remain many critical, unanswered questions regarding the ecology and physiology of 
myco-heterotrophic plants and their associated fungi.  The vast majority of all myco-heterotrophs 
studied to date have exhibited specificity towards narrow lineages of fungi, but it is unclear if the 
loss of photosynthesis in these plants is contingent upon fungal specialization.  Here I examine 
the fungal associates of the myco-heterotroph Pyrola aphylla (Ericaceae) and its closest green 
relative P. picta to determine the pattern of mycorrhizal specialization.  My findings show that 
both plant species associate with a range of root-inhabiting fungi, the majority of which are 
ectomycorrhizal taxa.  This study provides the first example of a eudicotyledonous myco-
heterotroph that is a mycorrhizal generalist indicating that the loss of photosynthesis in myco-
heterotrophs is not contingent upon fungal specialization.  
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Introduction 
 The understory maintains the highest diversity of vascular plants in temperate forests 
(Battles et al. 2001; Whigham 2004).  However, light, one of the critical resources for plant 
growth and establishment is most limited in the forest understory.  Understory plants have 
evolved numerous traits in order to survive in these light-limited environments including:  slow 
growth, clonal reproduction and evergreen leaves for year-round photosynthesis (Whigham 
2004).  While some plants have circumvented this light limitation altogether by becoming 
partially or fully dependent on associations with fungi to meet their demands for carbon and 
other essential elements.  These plants are referred to as myco-heterotrophs (Leake 1994).  Some 
plants are only myco-heterotrophic for a portion of their life cycle such as during germination, 
while others remain entirely dependent on fungi throughout their growth and establishment 
(Leake 1994).  In the later group there are some species that act as carbon sinks and gain carbon 
via mycorrhizal fungi that they share with surrounding autotrophic plants.  This tri-partite 
interaction between a myco-heterotrophic plant, an autotrophic plant, and a shared mycorrhizal 
fungus is an epiparasitism where the potential fitness costs to the fungus are still unknown 
(Bidartondo 2005).  All myco-heterotrophic epiparasitisms are thought to have evolved from 
initial tripartite associations between two autotrophic plants sharing at least one mycorrhizal 
fungus (Bidartondo 2005).  However, the ordering of the steps that lead to one plant defaulting 
on the mycorrhizal mutualism remains the subject of debate.  One possibility is that prior to the 
transition to full myco-heterotrophy plants may first be capable of partial myco-heterotrophy 
where the plant’s carbon demands are met both through photosynthesis and fungi (Abadie et al. 
2006; Bidartondo et al. 2004; Julou et al. 2005; Selosse et al. 2004). 
 Our current knowledge of the extent of myco-heterotrophy in the plant kingdom includes 
over 10 families and 400 species of land plants and involves many independent origins of the 
habit (Leake 2004).  Convergent traits of myco-heterotrophic plants across families include:  
small dust-like seeds, reduction of leaves to scales, few or no stomata, loss of chlorophyll and 
modified root systems or rhizomes that are heavily colonized with mycorrhizal fungi (Leake 
1994).  A hallmark of almost all myco-heterotrophic plants examined thus far is extreme 
specificity throughout wide geographic ranges to particular families, genera or even species of 
fungi (Bidartondo & Bruns 2002; Taylor et al. 2002) that include both saprotrophic (Ogura-
Tsujita et al. 2008) and a suite of mycorrhizal fungi in the Basidiomycota, Ascomycota and 
Glomeromycota (Bidartondo & Bruns 2005; Bidartondo et al. 2002; Taylor et al. 2002).  This 
phylogenetic tracking of certain fungal lineages by myco-heterotrophic plants is so strongly 
coupled that when sister ericaceous myco-heterotrophs such as Sarcodes sanguinea Torr. and 
Pterospora andromedea Nutt. that associate with sister species of Rhizopogon (Fr.) Nordholm 
are found in sympatry, adult plants’ roots only harbor their respective Rhizopogon species 
(Bidartondo & Bruns 2002).  There are even examples of this high level of specificity at the plant 
genotypic level between individuals in the myco-heterotrophic species Corallorhiza maculata 
(Raf.) Raf. where a particular genotype will only associate with specific subclades in the 
Russulaceae (Bidartondo & Bruns 2002; Taylor et al. 2004).  The few known exceptions to this 
pattern of specificity are albino mutants of normally green orchids in the genera Cephalanthera 
and Epipactis which were found to associate with the same suite of ectomycorrhizal fungi as 
green individuals (Abadie et al. 2006; Julou et al. 2005; Selosse et al. 2004).  However, there are 
emerging examples of adult non-photosynthetic orchids from the tropics that show a lack of 
fungal specificity (Roy et al. 2009). 
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 While the evolutionary processes leading to this level of fungal specificity are unclear, 
two possible mechanisms include:  1) similar to partner filtering (selection of most beneficial 
mutualist from a community of potential symbionts) by the plant, the myco-heterotroph has 
“chosen” from the existing fungal community the best partner to meet its nutrient demands, and 
2) similar to partner filtering by the fungi, the myco-heterotroph, due to its parasitic-like 
interaction with fungi, has been “rejected” by members of the fungal community until a fungus is 
“tricked” into associating with the plant (Bruns et al. 2002; Egger & Hibbett 2004).  These 
mechanisms are not necessarily mutually exclusive and could act in tandem to determine the 
mycobiont of adult myco-heterotrophic plants.  In either case, the maintenance of a carbon 
supply is paramount for the survival of the myco-heterotroph and it has been argued that once an 
appropriate fungal partner has been found, prior to the loss of photosynthesis the plant fine tunes 
its physiology to adapt to that particular fungus and is therefore incapable of broad host jumps 
(Bidartondo & Bruns 2002). 

Within the plant family Ericaceae the mainly myco-heterotrophic sub-family 
Monotropoideae currently contains three tribes: Pterosporeae, Monotropeae and Pyroleae (Kron 
& Johnson 1997; Kron et al. 2002).  Most species within this sub-family produce large quantities 
of dust seeds that lack an endosperm and are therefore fully dependent in the earlier stages of 
development on myco-heterotrophic nutrition (Leake 1994).  While all species in the tribes 
Pterosporeae and Monotropeae remain fully myco-heterotrophic throughout their lifecycle, most 
members of Pyroleae form leaves and are capable of fixing carbon through photosynthesis.  At 
least one species in Pyroleae (Ericaceae), Pyrola aphylla Sm. is fully myco-heterotrophic (Camp 
1940; Haber 1987) and there is some evidence that its green relatives may be partially myco-
heterotrophic (Tedersoo et al. 2007; Zimmer et al. 2007).  Due to the similarity of P. aphylla’s 
geographic distribution and floral morphology to P. picta, until recently they were not 
considered separate species; rather P. aphylla was thought to be a rare variety of P. picta.  
However, molecularly based phylogenies have separated the two as distinct species (Diana Jolles 
personal communication). 

All ericaceous myco-heterotrophs studied to date are epiparasites that exhibit specificity 
toward narrow phylogenetic lineages of ectomycorrhizal (EM) fungi (Bidartondo & Bruns 2005).  
However, the fungal associates of P. aphylla have yet to be determined, and it remains unclear if 
the loss of photosynthesis in this family is contingent on specializing on a particular group of EM 
fungi (Bidartondo et al. 2004). From a previous study conducted by Zimmer et al. 2007 there is 
some evidence that the green sister species to P. aphylla, P. picta, associates with a broad range 
of EM fungi, but these data were collected from a only a few plants at a single site in northern 
California.  In the current study I hypothesized that if the loss or reduction of photosynthesis first 
involves specializing on a particular group of EM fungi, then adults of both the potentially 
partially myco-heterotrophic P. picta and its sister taxon, the myco-heterotrophic P. aphylla, 
should associate with a phylogenetically narrow range of fungi throughout a broad geographic 
area. To address this hypothesis, I collected root systems from P. picta and P. aphylla plants 
from throughout their geographic range in northern California and southern Oregon and used 
DNA sequence analysis to identify the fungi associated with both species.  
 
Methods 
Sample collection and locations 

Root systems from 12 Pyrola aphylla and 11 P. picta plants were collected over 
approximately a one and a half year period from seven forest sites throughout northern California 
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and southern Oregon.  All forests are dominated by second-growth conifer species.  Collected 
plants and their locations are summarized in Table 2.  In the field entire plants were dug up, 
loose soil was removed and the remaining above and belowground plant parts were then placed 
in plastic bags on ice and transported back to the University of California Berkeley where they 
were washed and examined under a microscope for colonized roots.  Root colonization was 
identified based on the presence of at least one of the following features known in pyroloid 
mycorrhizas:  presence of a Hartig net, presence of intracellular hyphae and/or coils in epidermal 
root cells, and/or presence of a fungal sheath (Largent et al. 1980; Massicotte et al. 2008; Read 
1983; Robertson & Robertson 1985).  Fungal colonization was mainly found on second and third 
order roots (Figure 1). All colonized root fragments from a single plant were washed thoroughly 
in a series of de-ionized H2O baths, put in 300 µl CTAB buffer and stored at -20°C until 
molecular analysis.  This procedure was repeated for each root system of every plant collected 
resulting in 72 colonized root sections of P. aphylla and 70 of P. picta each root fragment was 
approximately 5-6 mm in length.  To examine root-level fungal specificity in coordination with 
root development two colonized root pieces were sectioned from a single P. aphylla plant 
sampled in October of 2007 from El Dorado National Forest.  These two root pieces were 
sectioned from the root tip back every 15 epidermal root cells (similar to Selosse et al. 2002).  
The root pieces varied in total length, not in diameter hence every section contained 
approximately the same number of cells, but the total number of sections made per root differed 
depending on total colonized root length.  In total, one root had a total of 10 sections (RT1) and 
the other four (RT2).  In the molecular analyses these samples were treated slightly differently 
from the other relatively larger root fragments and will be referred to as the root-scape samples. 
 
Molecular identification of Pyrola root fungi 
 Individual colonized root fragments suspended in CTAB buffer were thawed at 65˚C and 
frozen in liquid nitrogen three times to soften the tissue before grinding with a micropestle.  
DNA was then extracted from each root fragment using the Qiagen DNeasy kit (Qiagen Inc., 
Valencia, CA, USA) following the manufacturer’s instructions. Using PCR (polymerase chain 
reaction), the nuclear ribosomal internal transcribed spacer (ITS) region was amplified with the 
fungal-specific primer combination ITS1F (Gardes & Bruns 1993) and ITS4 (White et al. 1990) 
and PCR conditions described in Gardes & Bruns (1993).  Despite our efforts to thoroughly wash 
root sections it is possible that fungal hyphae attached to the surface of Pyrola roots that did not 
have an existing fungal mantle were detected in our PCR reactions and that these hyphae are not 
necessarily mycorrhizal with P. picta or P. aphylla. For all samples except the root-scape ones, 
positive PCR products from the root systems of individual P. picta or P. aphylla plants were then 
pooled.  These pooled single-plant products were purified using the StrataPrep PCR Purification 
Kit (Stratagen La Jolla, CA, USA) following the manufacturer’s instructions and eluting the 
cleaned PCR products into 50 µl of Nuclease Free Water (ISC BioExpress, Kaysville, UT, 
USA). Pooled PCR products were cloned using TOPO TA Kit for sequencing (Invitrogen, 
Carlsbad, CA, USA) following the manufacturer’s instructions. Positive transformants were 
screened using X-Gal (BioVectra dcl, Charlottetown, P.E.I., Canada), picked, and then amplified 
with plasmid primers M13 forward and M13 reverse.  Positive clones were then cleaned for 
sequencing using 0.5 µl of Exosap-IT (GE Healthcare, Piscataway, NJ, USA) and 1 µl of dH2O 
combined with 3.5 µl of PCR product.  Clean PCR products were then unidirectionally 
sequenced using the plasmid primer T3. DNA sequencing was performed on an ABI3100 
Genetic Analyzer using BigDye v.3.1 chemistry (Applied Biosystems, Foster City, CA, USA) 
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and absolute ethanol/EDTA precipitation.  All sequences from each single-plant clone library 
were aligned at 98% similarity using Sequencher v.4.2.2 (Gene Codes Corporation). Each 98% 
minimum similarity clone pool was defined as a single fungal OTU. The pools of clone 
sequences were checked for chimeras by blasting the ITS1 and ITS2 regions separately, and any 
identified chimeric sequences were excluded from further analyses. The longest fragment of the 
dominant haplotype of each OTU was BLASTed in NCBI’s GenBank to ascertain taxonomic 
affinity. 
 Genomic DNA was extracted, amplified, cloned and sequenced from the root-scape 
samples as described above, except that positive PCR products were not pooled and a larger 
fragment that included part of the nuclear large subunit rRNA gene (LSU) was amplified from 
the original DNA extracts using the primer pair ITS 1F (Gardes & Bruns 1993) and TW13 
(Taylor & Bruns 1999).  Clone libraries for these samples represent individual root fragments 
rather than entire root systems.  Clone sequences were edited in a similar fashion as above and 
once pools of clone sequences were resolved at ≥98% similarity I used Sequencher to compare 
them with sequences derived from other root sections to determine if there was any OTU overlap 
among root sections.  From all final OTU sequence pools the longest fragment of the dominant 
haplotype was selected for submission to GenBank (accession numbers FJ440860-FJ440949), 
except for those matching fungi of P. picta sampled in 2005, which were already submitted by 
Zimmer et al. (2007). 
 
Results 
Morphology of Pyroloid mycorrhizae  
 Both Pyrola picta and P. aphylla were found to associate with a suite of root inhabiting 
and mycorrhizal fungi (Tables 1 and 2), and unlike all other ericaceous fully myco-heterotrophic 
plants studied to date P. aphylla shows no specificity towards any particular ectomycorrhizal 
fungi (Table 1).  The root systems of all 12 P. aphylla plants produced a total of 204 positive 
clones matching root-inhabiting fungi resulting in 47 OTUs (Table 2).  Pyrola picta roots from 
11 plants produced a total of 203 positive clones matching root-inhabiting fungi, resulting in 61 
OTUs (Table 2).  The root morphology of both Pyrola species was basically identical, where 
colonized roots were found either off of the plants’ long white rhizome or axial buds in the dark 
first second and third order lateral roots (Holm 1898; Massicotte et al. 2008).  The overall root 
morphology of both species was similar to what Leake (1994) referred to as filiform – a root 
system that is poorly developed and lacks root hairs, which is typical of autotrophic herbs.  
Similar to other studies of pyroloid mycorrhizae, colonized roots of both species had various 
morphotypes, some had fungal mantles or hyphal mats surrounding the roots, others had distinct 
Hartig-nets, but lacked a mantle (Massicotte et al. 2008; Robertson & Robertson1985; Vincenot 
et al. 2008).  However, the clearest indicator of mycorrhization was the presence of intracellular 
fungal coils within the para-epidermal cells of the roots (Massicotte et al. 2008; Robertson & 
Robertson 1985 and Figure 1).  
 
Identities of fungal associates of P. aphylla and P. picta  
 Of the 72 root fragments of P. aphylla plants from which DNA was extracted 72% had 
positive PCR products, whereas 85% of the 70 root fragments of P. picta had successful PCR 
reactions.  From all clone sequences of both plant species a total of 91 OTUs were determined, 
31 were unique to P. aphylla roots, 44 to P. picta roots and 16 were shared between the two plant 
species (Figure 2, Tables 1, 2 and 3).  The two most abundant fungal OTU’s were a fungal 
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endophyte in the genus Phialocephala and an ectomycorrhizal fungus in the genus Piloderma 
(Figure 2, Tables 2 and 3).  Based on best BLAST matches, 44% of the OTUs from all P. 
aphylla roots are fungi know to form ectomycorrhizas, 6% are fungi traditionally thought to 
strictly form ericoid mycorrhizas, 6% are saprotrophic or necrotrophic fungi, 19% are root 
endophytes and 24% are fungi of unknown trophic status.  Of all the fungal OTUs from the root 
systems of P. picta plants a total of 56% are know ectomycorrhizal fungi, 5% are ericoid 
mycorrhizal fungi, 3% are saprotrophic or necrotrophic fungi, 19% are root endophytes and 17% 
are fungi of unknown trophic status.  In one P. aphylla plant I failed to detect any mycorrhizal 
fungi from the pooled PCR products of 12 colonized root fragments.  However, this happened to 
be the same plant that was sampled for the root-scape study and from these root fragments 
ectomycorrhizal fungi were detected (Table 4), indicating that there may have been some bias for 
non-mycorrhizal taxa such as ascomycetous endophytes in the pooling/cloning technique.  The 
mycorrhizal OTUs identified from the roots of P. aphylla and P. picta fell into a total of 20 
fungal families, 10 with each plant species, and the largest percentage (19% in P. aphylla and 
35% in P. picta) belonged to the Russulaceae.  There was little intra- or interspecific overlap 
between the observed fungi from Pyrola roots (even from the same site and sampling time), 
reflecting the high diversity of fungi associated with both species in our limited sampling (Figure 
2).   
 
Pyrola aphylla root-scape fungi 
 The two root pieces collected from a single root system of P. aphylla resulted in 10 root 
sections from RT1 which produced nine positive PCR products, while RT2 produced three from 
the four total root sections.  When each of these products was cloned in individual cloning 
reactions, RT1 produced 98 positive clone sequences matching root-inhabiting fungi and RT2 
produced 30.  At 98% sequence similarity RT1 contained 15 distinct OTUs, two were 
ectomycorrhizal fungi, while seven were root endophytes, three plant pathogens, two 
saprotrophs, and one an ascomycete of unknown trophic status (Table 4).  Five distinct OTUs 
were found in RT2: one endophyte, three saprotrophs, and one Atheliaceae of unknown trophic 
status (Table 4).  No OTUs were shared between the two roots.  Interestingly, RT1 contained two 
fungal endophyte OTUs (Phialocephala species 4 and 5) that matched those of other P. aphylla 
roots from the same plant and from a neighboring P. picta plant collected during the same 
sampling period. RT2 contained one OTU (Cadophora species 2) that matched P. aphylla roots 
collected in Umpqua National Forest. (Table 4).  
 
Discussion 
 Pyrola aphylla represents the first ericaceous myco-heterotroph to lack adult fungal 
specificity.  In all previous studies on the mycorrhizal fungi associated with myco-heterotrophs, 
the only other plants that have been found to associate with multiple families of ectomycorrhizal 
fungi are albino orchids in the otherwise mainly green genera Cephalanthera and Epipactis 
(Abadie et al. 2006; Julou et al. 2005; Selosse et al. 2004).  The lack of fungal specificity in P. 
aphylla indicates that it is not strictly necessary for a myco-heterotroph to specialize on a 
particular group of fungi to meet its carbon demands, nor is the loss of photosynthesis contingent 
upon mycorrhizal specialization.  Both P. picta and P. aphylla were found to associate with 
mainly ectomycorrhizal fungi from a diversity of fungal families that also form ectomycorrhizae 
with overstory trees (Table 1). The association with ectomycorrhizal fungi in both Pyrola species 
provides further evidence for potential epiparasitism in this group, especially in the case of P. 
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aphylla due to its lack of photosynthetic tissues and the similarity of its carbon stable isotope 
signature to other ericaceous myco-heterotrophic epiparasites (Zimmer et al. 2007).  However, it 
remains unknown which of these ectomycorrhizal fungi are functionally responsible for C-
transfer from overstory host trees to P. aphylla.  Due to the dust seed morphology of pyroloids it 
is clear that they require fungal nutrition in their early stages of development but, which, if any, 
of the fungi identified from adult plants are responsible for stimulating seed germination remains 
unknown.  However, there is some indication that seedlings of green Pyrola species harbor 
Sebacinoid fungi (Smith & Read 2008).  It is possible that pyroloids exhibit higher fungal 
specificity at germination than adult plants and this could explain the rarity of such species as P. 
aphylla (Bidartondo & Read 2008).  This has been somewhat demonstrated through an on-going 
seed burial experiment by the authors where small packets containing hundreds of P. aphylla 
seeds buried in situ have not germinated after four years (data not included).  
 Previous studies support our findings that Pyroleae associate with a suite of endophytic, 
ericoid and ectomycorrhizal species belonging to both the Basidio- and Ascomycota (Largent et 
al. 1980; Massicotte et al. 2008; Read 1983; Robertson & Robertson 1985; Tedersoo et al. 2007; 
Vincenot et al. 2008; Zimmer et al. 2007).  Even though adult pyroloid plants have shown little 
to no specialization toward particular groups of ectomycorrhizal fungi, some fungal genera such 
as Tomentella (Massicotte et al. 2008, Tedersoo et al. 2007, Vincenot et al. 2008, Zimmer et al. 
2007, and this study), Sebacina, Wilcoxina, and Inocybe (Tedersoo et al. 2007, Zimmer et al. 
2007, Vincenot et al. 2008, and this study) appear to be common symbionts of Pyroleae species.  
Fungal endophytes in the genus Phialocephala and the order Helotiales, which may contain 
some ectomycorrhizal species (Vrålstad 2002) also appear to be common associates of Pyroleae, 
though their functional role within the plant roots is unclear.  Pyroloids also associate with 
ectomycorrhizal fungal genera such as Russula (Vincenot et al. 2008, Zimmer et al. 2007, and 
this study), Tricholoma (Tedersoo et al. 2007, Vincenot et al. 2008), and Rhizopogon salebrosus 
(this study) that are known to form mycorrhizae with other ericaceous myco-heterotrophs 
(Bidartondo 2005).    
 Despite the small sample sizes the results from the root-scape root fragments of P. 
aphylla provide further insight to pyroloid mycorrhizae.  In the root-scape samples both root 
apices harbored multiple ectomycorrhizal species and different fungi were found in both tips.  
This result indicates that even at the fine spatial scale of a few root cells there is no evidence of 
fungal specialization in P. aphylla.  For example, within the first 30 epidermal root cells back 
from the actively growing meristem of RT1 I identified a species of Hysterangium, which has 
been previously recorded from morphological studies of Pyrola secunda (=Orthilia secunda) 
roots by Robertson and Robertson (1985), also found in the same root section was a species of 
Rhizopogon and an unknown ascomycete.  A fungus in the family Atheliaceae, which is known 
to contain some ectomycorrhizal taxa (Plamboeck et al. 2007) was found in the first 15 
epidermal root cells of RT2, the shorter root piece collected from the same plant.  

The lack of fungal specificity in P. aphylla reveals new information on the ordering of 
the steps from autotrophy to full myco-heterotrophy.  Excepting two potentially fully myco-
heterotrophic orchids in the genus Aphyllorchis (Roy et al. 2009), all myco-heterotrophic plants 
that have not specialized on a set of ectomycorrhizal fungi either exhibit some normally green 
individuals as in the albino orchids within the tribe Neottieae, or some individuals with small 
basal leaves and green flowering stalks as in P. aphylla.  This phenotypic plasticity could 
potentially be due to more recent losses of photosynthetic abilities among these species 
compared to the consistently achlorophyllous myco-heterotrophic species in the Monotropoideae 
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and Neottieae.  Therefore, though the loss of photosynthetic abilities may not be contingent on 
fungal specialization, once photosynthesis is lost there may be strong selective pressures to 
specialize on a particular fungal group (Bidartondo 2002; Bronstein 2001).  The tribe Pyroleae 
provides a unique group among the Ericaceae for studying the transition from autotrophy to 
myco-heterotrophy due to the range of trophic strategies among closely related species.  Now 
that the identities of the fungal associates of Pyrola aphylla have been surveyed, what is of 
pressing interest is which of these fungi are responsible for nutrient exchange between overstory 
trees P. aphylla and possibly P. picta at various stages of plant growth and establishment.  
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Table 1: Summary of ectomycorrhizal associates of Pyrola aphylla and P. picta, 
^=ectomycorrhizal taxa shared between P. picta and P. aphylla, *=lineages known to contain 
ectomycorrhizal taxa all others listed are known ectomycorrhizal fungi.  Additional fungal 
associates of both species such as endophytic, ericoid, saprophytic and fungi of unknown trophic 
status can be found in Table 2. 
 

Plant  
ID 

Ectomycorrhizal associates 

Pyrola aphylla 
1 Wilcoxina sp.^ 
2 Sebacina sp.2 
3 Rhizopogon sp., Russulaceae 
4 Cortinarius sp. 2^, Laccaria sp., Piloderma sp. 2^ 
5 Melanogaster sp. 
6 Hysterangium sp., Rhizopogon sp. 2, Atheliaceae sp. 2* 
7 Lactarius sp. 1, Piloderma sp. 2, Russula sp. 2, 

Sebacina sp. 1^, Sebacina sp. 2 
8 Boletaceae, Cortinarius sp.2^, Gymnomyces sp.^, 

Suillus sp.2, Thelephora sp.1, Tomentella sp.3 
9 Gomphales*, Rhizopogon sp.1 
10 Gomphales*, Tricholoma sp.2^ 
11 Cenococcum sp.1, Gomphales* 
12 Suillus sp.1 

Pyrola picta 
1 Hebeloma sp., Piloderma sp.1, Piloderma sp.2^, 

Rhizopogon salebrosus, Russula sp.1, Thelephoraceae 
sp.1, Tometella sp.1 

2 Russula sp.4 
3 Russula sp. 3, Thelephoraceae sp.2 
4 Piloderma sp.1, Wilcoxina sp.^ 
5 Cortinarius sp.2^, Rhizopogon arctostaphyli, 

Rhizopogon salebrosus, Tometella sp.2 
6 Inocybe sp.1, Piloderma sp.2^, Rhizopogon 

arctostaphyli, Russula sp.4, Russula sp.6, Thelephora 
sp.2, Thelephoraceae sp.3, Tricholoma sp.1, 
Tricholoma sp.2^, Tricholomataceae sp.1* 

7 Piloderma sp.2^, Piloderma sp.3, Piloderma sp.4, 
Russula sp.6, Thelephoraceae sp.4 

8 Gymnomyces sp.^ 
9 Russula sp.1, Russula sp.5, 
10 Cenococcum sp.2, Lactarius sp.2, Sebacina sp.1^ 
11 Cenococcum sp.2, Cortinarius sp.1, Cortinarius sp.3, 

Gymnomyces sp.^, Inocybe sp.2 
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Table 2:  Location and date of collected Pyrola aphylla and P. picta plants, N.F.=National 
Forest. Under GenBank accession numbers *=sequences submitted in Zimmer et al. (2007).  
Fungal identities based on best BLAST match, ^=shared fungal OTU between P. aphylla and P. 
picta roots. Under trophic group Unkwn=fungus of unknown trophic status, SAP=saprotrophic 
fungus, Endo=fungal endophyte, ErM=ericoid mycorrhizal fungus, ECM=ectomycorrhizal 
fungus.  Similarity (%) column shows percent sequence similarity of unknown sequences from 
Pyrola roots to those in GenBank. 
 

Plant  
ID 

Sampling location 
& date 

GenBank 
accession 
numbers 

Fungal identity Trophic 
group 

Best match 
in GenBank 

Similar 
(%) 

Pyrola aphylla      
 El Dorado N.F.      

1 June, 2006 * Wilcoxina sp.^ ECM EF101767 98 
2 June, 2006 FJ440937 Sebacina sp.2 ECM DQ273402.1 99 

  * Phialocephala sp.1^ Endo EF101770 98 
3 September, 2006 FJ440929 Rhizopogon sp ECM DQ680180.1 98 

  FJ440935 Russulaceae ECM DQ061886.1 96 
  FJ440887 Ericoid sp.2^ ErM AF269067.1 99 
  FJ440931 Rhizoscyphus ericae^ ErM AM084704.1 97 
  FJ440882 Dothideomycete sp. Unkwn DQ273316.1 99 

4 September, 2006 * Cortinarius sp.2^ ECM EF101775 98 
  FJ440909 Laccaria sp. ECM DQ822817.1 98 
  * Piloderma sp.2^ ECM EF101761 98 
  * Phialocephala sp.1^ Endo EF101770 98 
  FJ440862 Ascomycete sp.2 Unkwn DQ273286.1 98 
  FJ440882 Dothideomycete sp. Unkwn DQ273316.1 99 

5 July, 2007 FJ440913 Melanogaster sp. ECM AJ555528.1 95 
  FJ440904 Hyaloscyphaceae sp.1^ SAP DQ227258.1 91 

6 October, 2007 FJ440876 Cladophialophora sp.3 Endo EU035406.1 99 
  FJ440926 Phialocephala sp.10 Endo EU882733.1 91 
  FJ440920 Phialocephala sp.4^ Endo AY394921.1 100 
  FJ440921 Phialocephala sp.5^ Endo AY394921.1 98 
  FJ440881 Disciseda sp. SAP DQ112626.1 96 
 Tahoe N.F.      

7 July, 2006 FJ440911 Lactarius sp.1 ECM EF685085.1 98 
  * Piloderma sp.2^ ECM EF101761 98 
  FJ440932 Russula sp.2 ECM DQ367914.1 98 
  FJ440936 Sebacina sp.1^ ECM AF440646.1 96 
  FJ440937 Sebacina sp.2 ECM DQ273402.1 99 
  FJ440918 Phialocephala sp. 2 Endo AY394921.1 88 
  FJ440931 Rhizoscyphus ericae^ ErM AM084704.1 97 
  FJ440893 Flagelloscypha sp. SAP AY571040.1 98 
  FJ440901 Helotiaceae sp.2^ Unkwn EU998918.1 95 
  FJ440903 Helotiales sp.3 Unkwn DQ093752.1 89 

8 July, 2006 FJ440868 Boletaceae ECM DQ273364.1 99 
  * Cortinarius sp.2^ ECM EF101775 98 
  FJ440899 Gymnomyces sp.^ ECM AY239349.1 99 
  FJ440941 Suillus sp.2 ECM L54094.1 99 
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  FJ440942 Thelephora sp.1 ECM AJ889980.1 94 
  FJ440946 Tomentella sp.3 ECM U83480.1 97 
  FJ440873 Chalara sp. Endo DQ093752.1 98 
  FJ440874 Cladophialophora sp.1^ Endo EU035404.1 98 
  FJ440860 Armillaria sp. Unkwn AY554331.1 97 
  FJ440861 Ascomycete sp.1 Unkwn DQ273286.1 98 
  FJ440865 Atheliaceae Unkwn DQ273351.1 87 
  FJ440884 Entoloma sp.1 Unkwn DQ974694.1 90 
  FJ440902 Helotiales sp.2 Unkwn DQ497946.1 95 
  FJ440903 Helotiales sp.3 Unkwn DQ093752.1 89 
  FJ440917 Pezizomycotina sp.^ Unkwn DQ273328.1 99 
 Umpqua N.F.      

9 September, 2006 FJ440883 Ectomycorrhizal fungus ECM DQ497960.1 96 
  FJ440898 Gomphales ECM DQ365620.1 83 
  FJ440929 Rhizopogon sp.1 ECM DQ680180.1 98 
  * Leptodontidium sp.^ Endo EF101765 98 
  * Phialocephala sp.1^ Endo EF101770 98 
  FJ440931 Rhizoscyphus ericae^ ErM AM084704.1 97 
  FJ440882 Dothideomycete sp. Unkwn DQ273316.1 99 
  FJ440901 Helotiaceae sp.2^ Unkwn EU998918.1 95 
  FJ440905 Hyaloscyphaceae sp.2 Unkwn DQ227258.1 92 

10 September, 2006 FJ440898 Gomphales ECM DQ365620.1 83 
  FJ440948 Tricholoma sp.2^ ECM DQ370440.1 99 
  FJ440870 Cadophora sp.2 Endo DQ497941.1 92 
  FJ440882 Dothideomycete sp. SAP DQ273316.1 99 
 Willamette N. F.      

11 September, 2006 FJ440871 Cenococcum sp.1 ECM AY299214.1 97 
  FJ440898 Gomphales ECM DQ365620.1 83 

12 September, 2006 FJ440940 Suillus sp.1 ECM DQ367917.1 99 
       
Pyrola picta      

Blodgett Research Forest 
1 June, 2005 * Hebeloma sp. ECM EF101762 100 

  * Piloderma sp.1 ECM EF101766 100 
  * Piloderma sp.2^ ECM EF101761 100 
  * Rhizopogon salebrosus ECM EF101777 100 
  * Russula sp.1 ECM EF101773 100 
  * Thelephoraceae sp.1 ECM EF101764 100 
  * Tometella sp.1 ECM EF101763 100 
  * Cadophora sp.1 Endo EF101774 100 

2 June, 2005 * Russula sp.4 ECM EF101776 100 
  * Helotiales sp.1 Unkwn EF101760 100 

3 June, 2005 * Russula sp.3 ECM EF101771 100 
  * Thelephoraceae sp.2 ECM EF101772 100 

4 June, 2005 * Piloderma sp.1 ECM EF101766 100 
  * Wilcoxina sp.^ ECM EF101767 100 
  * Leptodontidium sp.^ Endo EF101765 100 

5 June, 2005 * Cortinarius sp.2^ ECM EF101775 100 
  * Rhizopogon 

arctostaphyli 
ECM EF101768 100 
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  * Rhizopogon salebrosus ECM EF101777 100 
  * Tometella sp.2 ECM EF101769 100 
  * Phialocephala sp.1^ Endo EF101770 100 

6 September, 2006 FJ440907 Inocybe sp.1 ECM AM882930.1 86 
  * Piloderma sp.2^ ECM EF101761 98 
  * Rhizopogon 

arctostaphyli 
ECM EF101768 98 

  * Russula sp.4 ECM EF101776 98 
  FJ440933 Russula sp.6 ECM EF530935.1 97 
  FJ440943 Thelephora sp.2 ECM DQ068970.1 99 
  FJ440944 Thelephoraceae sp.3 ECM AY825525.1 93 
  FJ440947 Tricholoma sp.1 ECM AF462637.1 97 
  FJ440948 Tricholoma sp.2^ ECM DQ370440.1 99 
  FJ440949 Tricholomataceae sp.1 ECM DQ273425.1 98 
  * Phialocephala sp.1^ Endo EF101770 98 
  FJ440886 Ericoid sp.1 ErM AF269067.1 95 
  FJ440910 Lachnum sp. SAP U59004.1 94 
  FJ440900 Helotiaceae sp.1 Unkwn DQ257357.1 87 
  FJ440901 Helotiaceae sp.2^ Unkwn EU998918.1 95 
  FJ440938 Sordariales sp. Unkwn DQ273328.1 99 
  FJ440939 Sordariomycete sp. Unkwn DQ273347.1 100 

7 September, 2006 * Piloderma sp.2^ ECM EF101761 98 
  FJ440927 Piloderma sp.3 ECM DQ474720.1 93 
  FJ440928 Piloderma sp.4 ECM DQ469288.1 89 
  FJ440933 Russula sp.6 ECM EF530935.1 97 
  FJ440945 Thelephoraceae sp.4 ECM DQ990858.1 93 
  * Leptodontidium sp.^ Endo EF101765 98 
  FJ440931 Rhizoscyphus ericae^ ErM AM084704.1 97 
  FJ440939 Sordariomycete sp. Unkwn DQ273347.1 100 

8 September, 2006 FJ440899 Gymnomyces sp.^ ECM AY239349.1 99 
  FJ440880 Cryptosporiopsis sp. Unkwn AY853167.1 87 
  FJ440885 Entoloma sp.2 Unkwn DQ974694.1 90 
 El Dorado N.F.      

9 October, 2007 * Russula sp.1 ECM EF101773 98 
  FJ440934 Russula sp.5 ECM DQ421998.1 99 
  FJ440875 Cladophialophora sp.2 Endo EU035406.1 98 
  FJ440920 Phialocephala sp.4^ Endo AY394921.1 98 
  FJ440921 Phialocephala sp.5^ Endo AY394921.1 99 
  FJ440904 Hyaloscyphaceae sp.1^ SAP DQ227258.1 91 
 Plumas N.F.      

10 July, 2006 FJ440872 Cenococcum sp.2 ECM AY822735.1 95 
  FJ440912 Lactarius sp.2 ECM DQ974746.1 99 
  FJ440936 Sebacina sp.1^ ECM AF440646.1 96 
  FJ440877 Cladophialophora sp.4 Endo EU035404.1 91 
  FJ440916 Pestalotia sp. Endo AF377295.1 98 
  FJ440863 Ascomycete sp.3 Unkwn EU046087.1 97 
  FJ440895 Fungus sp.1 Unkwn EF434026.1 94 
  FJ440896 Fungus sp.2 Unkwn EF434064.1 95 
  FJ440917 Pezizomycotina sp.^ Unkwn DQ273328.1 99 
 Lassen N.F.      
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11 July, 2006 FJ440872 Cenococcum sp.2 ECM AY822735.1 95 
  FJ440878 Cortinarius sp.1 ECM DQ117930.1 96 
  FJ440879 Cortinarius sp.3 ECM AY174790.1 97 
  FJ440899 Gymnomyces sp.^ ECM AY239349.1 99 
  FJ440908 Inocybe sp.2 ECM EU326177.1 99 
  FJ440874 Cladophialophora sp.1^ Endo EU035404.1 98 
  FJ440894 Ascomycete Endo AY452984.1 99 
  FJ440919 Phialocephala sp. 3 Endo AY394921.1 92 
  * Phialocephala sp.1^ Endo EF101770 98 
  FJ440887 Ericoid sp.2^ ErM AF269067.1 99 
  FJ440888 Ericoid sp.3 ErM AF269067.1 94 

  FJ440939 Sordariomycete sp. Unkwn DQ273347.1 100 
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Table 3:  Table of fungal identities of OTU numbers from ranked abundance curve (Figure 2). 
 

Fungus 
Phialocephala sp.1 
Piloderma sp.2 
Dothideomycete 
Rhizoscyphus ericae 
Cortinarius sp.2 
Gomphales 
Gymnomyces fallax 
Helotiaceae sp.2 
Sebacina sp.1 
Sordariomycete 
Cenococcum geophilum sp.2 
Cladiophialophora sp.1 
Ericoid sp.2 
Helotiales sp.3 
Hyaloscyphaceae sp.1 
Leptodontidium sp. 
Pezizomycotina sp. 
Phialocephala sp.4 
Phialocephala sp.5 
Piloderma sp.1 
Rhizopogon arctostaphyli 
Rhizopogon salebrosus 
Rhizopogon sp.1 
Russula sp.4 
Russula sp.1 
Russula sp.6 
Sebacina sp.2 
Tricholoma sp.2 
Wilcoxina sp. 
Armillaria sp. 
Ascomycete sp.1 
Ascomycete sp.2 
Ascomycete sp.3 
Atheliaceae 
Boletaceae 
Cadophora sp.1 
Cadophora sp.2 
Cenococcum geophilum sp.1 
Chalara sp. 
Cladiophialophora sp.2 
Cladiophialophora sp.3 
Cladiophialophora sp.4 
Cortinarius sp.1 
Cortinarius sp.3 
Cryptosporiopsis sp. 
Disciseda sp. 
Ectomycorrhizal fungus 
Entoloma sp.1 
Entoloma sp.2 
Ericoid sp.1 
Ericoid sp.3 
Flagelloscypha sp. 

OTU # 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
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Fungal endophyte 
Fungus sp.1 
Fungus sp.2 
Hebeloma sp. 
Helotiaceae sp.1 
Helotiales sp.1 
Helotiales sp.2 
Hyaloscyphaceae sp.2 
Inocybe sp.1 
Inocybe sp.2 
Laccaria sp. 
Lachnum sp. 
Lactarius sp.1 
Lactarius sp.2 
Melanogaster sp. 
Pestalotia sp. 
Phialocephala sp.2 
Phialocephala sp.10 
Phialocephala sp.3 
Piloderma sp.3 
Piloderma sp.4 
Russula sp.2 
Russula sp.3 
Russula sp.5 
Russulaceae 
Sordariales 
Suillus sp.1 
Suillus sp.2 
Thelephora sp.1 
Thelephora sp.2 
Thelephoraceae sp.1 
Thelephoraceae sp.2 
Thelephoraceae sp.3 
Thelephoraceae sp.4 
Tomentella sp.3 
Tometella sp. 1 
Tometella sp. 2 
Tricholoma sp.1 
Tricholomataceae sp.1 

53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
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Table 4:  Cloning and sequencing results from four-millimeter sections of colonized root-tips 
from a single Pyrola aphylla plant collected in October 2007, El Dorado National Forest.  
Identities of fungal symbionts based on best BLAST matches. Under fungal identity column 
^=fungal OTU shared with other P. aphylla or P. picta plants from Supplementary Table 1. 
Under trophic group column Unkwn=fungus of unknown trophic status, SAP=saprotrophic 
fungus, Endo=fungal endophyte, ErM=ericoid mycorrhizal fungus, ECM=ectomycorrhizal 
fungus. Similarity (%) column shows percent sequence similarity of unknown sequences from P. 
aphylla root pieces to those in GenBank. 
 

Sample & mm 
back from root 

tip 

GenBank 
accession 
number 

Fungal identity Trophic 
group 

Best match 
in GenBank 

Similarity 
(%) 

RT1      
4 FJ440906 Hysterangium sp. ECM DQ365630.1 96 
4 FJ440930 Rhizopogon sp.2 ECM AF071534.1 99 
8 FJ440863 Ascomycete sp.4 Unkwn AJ608972.1 100 
8 FJ440906 Hysterangium sp. ECM DQ365630.1 96 
16 FJ440914 Mortierellales sp. SAP EF126343.1 99 
20 FJ440897 Fusarium sp. Path AF310976.1 91 
20 FJ440920 Phialocephala sp.4^ Endo AY394921.1 99 
20 FJ440921 Phialocephala sp.5^  Endo AY394921.1 100 
24 FJ440897 Fusarium sp. Path AF310976.1 91 
24 FJ440915 Neonectria sp. Path EF601601.1 97 
24 FJ440920 Phialocephala sp.4^ Endo AY394921.1 99 
24 FJ440921 Phialocephala sp.5^ Endo AY394921.1 100 
24 FJ440923 Phialocephala sp.7 Endo AY394921.1 94 
24 FJ440924 Phialocephala sp.8 Endo AY394921.1 88 
24 FJ440925 Phialocephala sp.9 Endo AY394921.1 96 
28 FJ440869 Cadophora sp.1 Endo DQ132821.1 95 
28 FJ440897 Fusarium sp. Path AF310976.1 91 
28 FJ440915 Neonectria sp. Path EF601601.1 97 
28 FJ440921 Phialocephala sp.5^ Endo AY394921.1 100 
28 FJ440922 Phialocephala sp.6 Endo AY347412.1 95 
32 FJ440869 Cadophora sp.1 Endo DQ132821.1 95 
32 FJ440890 Exidia sp.2 SAP AY700191.1 89 
32 FJ440892 Exidiaceae sp.2 SAP AF291277.1 88 
36 FJ440890 Exidia sp.2 SAP AY700191.1 89 
36 FJ440892 Exidiaceae sp.2 SAP AF291277.1 88 
40 FJ440890 Exidia sp.2 SAP AY700191.1 89 
40 FJ440892 Exidiaceae sp.2 SAP AF291277.1 88 

      
RT2      

4 FJ440866 Atheliaceae sp.2 Unkwn DQ273488.1 95 
4 FJ440870 Cadophora sp.2^ Endo DQ497941.1 92 
12 FJ440867 Auriculariales sp.1 SAP EF619638.1 87 
12 FJ440870 Cadophora sp.2^ Endo DQ497941.1 92 
12 FJ440889 Exidia sp.1 SAP AY645056.1 95 
12 FJ440891 Exidiaceae sp.1 SAP AF395309.1 86 
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16 FJ440867 Auriculariales sp.1 SAP EF619638.1 93 
16 FJ440889 Exidia sp.1 SAP AY645056.1 95 
16 FJ440891 Exidiaceae sp.1 SAP AF395309.1 86 
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CHAPTER 3 
 
 

Shady Business: estimating fungal carbon gains from the δ13C of leaf soluble sugars in two 
Pyroleae (Ericaceae) species under light limitation 
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Abstract 
 Partial mycoheterotrophy, a newly discovered form of mixotrophy in plants has been 
described in at least two major lineages of flowering plants, the orchids and ericaceous plants in 
the tribe Pyroleae.  Partial mycoheterotrophy entails carbon gains directly from photosynthesis 
and secondarily via symbiotic mycorrhizal fungi.  A challenge for researchers has been to 
determine the degree of dependence on fungal carbon contributions in partially 
mycoheterotrophic plants. The purpose of this study was to 1) determine if two cholorphyllous 
species of Pyroleae are capable of partial mycoheterotrophy and if their dependency on carbon 
gains via a mycorrhizal network increases under reduced light conditions and, 2) to isolate the 
fungal influence on leaf δ13C by a full factorial field manipulation experiment that manipulated 
plants’ access to a mycorrhizal network and light availability, analyzed the carbon stable isotopes 
of only the most recent plant assimilates and then applied a site-independent isotope mixing 
model that adjusts δ13C for the impact of the treatments alone.  The two test species chosen for 
this study are sister genera in the tribe Pyroleae (Ericaceae), Pyrola picta Sm. and Chimaphila 
umbellata (L.) W. Bartram. Overall, at the end of the sampling time the mean δ13C values of P. 
picta leaf soluble sugars for each treatment except the controls showed a trend toward 13C 
enrichment, while the mean δ13C values for every C. umbellata treatment except the controls 
showed a trend toward 13C depletion. Based on the output from the mixing model P. picta and C. 
umbellata had dissimilar isotopic responses under treatment and over time caused by their 
different intrinsic physiologies and their distinct C-sources.  The data suggests that C. umbellata 
is primarily an autotrophic understory plant, while P. picta is capable of partial 
mycoheterotrophy.  However, a 50% decrease in light availability did not significantly increase 
the dependency of P. picta on carbon gains via mycoheterotrophy. 
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Introduction 
 Recently, interest has turned to examining an alternative pathway to photosynthesis for 
carbon gains in chlorophyllous understory plants.  This pathway is referred to as 
mycoheterotrophy where plant carbon gains are via a symbiotic relationship with fungi (Leake 
1994).  The majority of mycoheterotrophic plants studied thus far associate strictly with either 
arbuscular mycorrhizal (AM) or ectomycorrhizal (EM) fungi, while a few species of 
mycoheterotrophic orchids have been found to associate with normally saprotrophic fungi 
(Merckx et al. 2009). The most striking examples of mycoheterotrophy are plants that have lost 
the ability to photosynthesize (full mycoheterotrophy).  These plants are completely dependent 
on fungi to meet all of their carbon and nutrient demands, and only produce aboveground 
structures for reproduction and dispersal (Merckx et al. 2009).  However, recent research on 
leafy-green plants that are close relatives to full mycoheterotrophs has revealed that many of 
these taxa are partially mycoheterotrophic, gaining carbon both from photosynthesis and from 
their symbiotic mycorrhizal fungi (Selosse & Roy 2009).  Thus far, all partially 
mycoheterotrophic species examined access fungal carbon via associations with ectomycorrhizal 
fungi that are simultaneously forming mycorrhizae with surrounding trees (Selosse & Roy 2009).  
Therefore, these partially mycoheterotrophic plants are actually epiparasites on autotrophic trees 
with which they share EM fungal symbionts. 
 Evidence of partial mycoheterotrophy in the plant kingdom has been based primarily on 
carbon stable isotope signatures (δ13C) of bulk leaf tissue, with some additional support from 
nitrogen stable isotope signatures (δ15N) (Tedersoo et al. 2007; Zimmer et al. 2007; Abadie et al. 
2006; Julou et al. 2005; Bidartondo et al. 2004; Gebauer & Meyer 2003). Partial 
mycoheterotrophy was first discovered when carbon stable isotope analyses of leafy orchid 
species that associate with EM fungi were found to have bulk leaf tissue δ13C values 
intermediate to full mycoheterotrophs and autotrophs inhabiting the same site and similar 
microclimate conditions (Abadie et al. 2006; Julou et al. 2005; Bidartondo et al. 2004; Gebauer 
& Meyer 2003).  Additional examples of partial mycoheterotrophy outside the orchid family 
have been found in green Pyroleae (Ericaceae) species that also have δ13C values in-between full 
mycoheterotrophs and surrounding autotrophs (Tedersoo et al. 2007; Zimmer et al. 2007).   
 The distinct δ13C values of autotrophic and fully mycoheterotrophic plants are due to 
differences in substrate consumption (C acquisition).  Autotrophic plants which fix carbon via 
photosynthesis are more depleted in 13C than atmospheric CO2 due to both physical and chemical 
influences on leaf carbon metabolism and the microenvironments they live in. For example, 
stomata can influence the concentration of CO2 inside of the leaf compared with the external 
atmosphere and this can in turn influence the availability of 12CO2 and 13CO2 for assimilation. 
Furthermore, there is preferential use of 12CO2 by the primary carboxylating enzyme for C3 
photosynthesis, RuBisCO (Farquhar et al. 1989) that leads to additional isotope affects impacting 
the final δ13C of the bulk leaf tissue or recently fixed sugars.  Once a plant has fixed carbon from 
the atmosphere and transformed it into organic carbohydrates, a portion of this carbon is 
transferred to the plant’s symbiotic mycorrhizal fungi.  Following an isotope food-chain model 
(Fry 2006), EM fungi that are mutualists with many common tree species are enriched in 13C by 
an average of 2‰ compared to their hosts (Taylor et al. 2003; Gleixner et al. 1993).  Because 
many fully mycoheterotrophic plants are receiving all of their C via specific EM fungi it follows 
then that they are enriched in 13C compared both to their fungal hosts and surrounding 
autotrophic plants (Gebauer & Meyer 2003; Trudell 2003).  The 13C enrichment of fully 
mycoheterotrophic plants associated with EM fungi compared to surrounding autotrophic trees 
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that share the same fungi is on average 7.2‰ (SD 1.6) (Preiss & Gebauer 2008).  Whereas the 
13C enrichment of partially mycoheterotrophic orchids compared to surrounding autotrophic 
plants is on average 2.6‰ (SD 2.7)(Liebel et al. 2010; Roy et al. 2009; Zimmer et al. 2008; 
Tedersoo et al. 2007; Zimmer et al. 2007; Abadie et al. 2006; Julou et al. 2005; Bidartondo et al. 
2004) and for Pyroleae species 0.9‰ (SD 1.6)(First chapter of this dissertation; Tedersoo et al. 
2007; Zimmer et al. 2007). 
 With the revelation of partial mycoheterotrophy, a challenge for researchers has been 
determining the degree of dependence on fungal carbon gains in these plants and elucidating the 
factors that select for partial mycoheterotrophy in nature.  Attempts to quantify the percent 
fungal carbon gains in partially mycoheterotrophic plants have been made through the 
application of a linear two-source mixing model (Tedersoo et al. 2007; Zimmer et al. 2007; 
Bidartondo et al. 2004; Gebauer & Meyer 2003).  The two end-members of this mixing model 
are the δ13C values of fully mycoheterotrophic plants that receive all of their carbon from EM 
fungi, and the δ13C values of autotrophic plants, which are theoretically not receiving any carbon 
from their associated EM fungi (Gebauer & Meyer 2003).  However, while this model generates 
estimates of the potential dependency of partial mycoheterotrophs on fungal carbon, it also 
involves numerous assumptions about the isotopic behavior of mycoheterotrophic plants, many 
of which are not fully understood.  For instance, it is unknown if the relationship between the 
δ13C values of partial mycoheterotrophs and autotrophs across environmental gradients is linear.  
There is some evidence that for orchids capable of partial mycoheterotrophy, as light becomes a 
more limiting factor, the amount of photosynthetic C-fixation decreases while C-gains via fungi 
increases thus increasing the δ13C values of these plants (Preiss et al. 2010).  Under similar light 
limitation, fully autotrophic plants in the understory would theoretically become more depleted 
in 13C owing to a combination of biochemical and leaf-level processes such as a decrease in 
photosynthetic rate, along with an increase in Ci/Ca (the ratio of the CO2 concentration inside the 
leaf to the atmosphere outside the leaf) which would lead to greater discrimination against 13CO2 
by RuBisCO (Farquhar et al. 1989).  Thus a comparison of percent carbon gains via EM fungi in 
putative partially mycoheterotrophic plants from different light environments that is based on a 
linear mixing model may be invalid.  Furthermore, the factors that lead to interspecific 
differences in the δ13C values of fully mycoheterotrophic plants are unclear.  Therefore, 
depending on what species of fully mycoheterotrophic plant is used as an end-member in the 
mixing model this can greatly affect estimates of percent carbon gain via fungi in test species 
(see chapter one of this dissertation for more details).  Another issue is the effect of seasonality 
on the δ13C values of partially mycoheterotrophic plants.  This factor may be particularly 
important for long-lived evergreen species such as those in the plant tribe Pyroleae where their 
bulk leaf tissue δ13C values reflect an integrated isotopic composition due to a mix of all carbon 
gains throughout the life span of the leaf (Dawson et al. 2002).  Thus if the plant is primarily 
dependent on C-gains via photosynthesis, any evidence of seasonal partial mycoheterotrophy 
may be masked in an analysis of bulk leaf carbon alone. 
 Here I report the results of an investigation that employs for the first time, the use of 
carbon stable isotope analysis of leaf soluble sugars. Soluble sugars are the initial products of 
photosynthesis and have an estimated latency time within leaves of only 1-3 days (Brugnoli et al. 
1988).  Sugars are also most likely one of the dominant forms of carbon that are passed from 
mycorrhizal fungi to mycoheterotrophic plants, where the ultimate source of the sugars are 
surrounding autotrophic trees (Smith & Read 2008).  Thus the utilization of leaf soluble sugars 
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 δ13C achieves a far more sensitive and time integrated assay for carbon exchange within 
mycorrhizal networks than what has been done in previous studies. The two test species chosen 
for this study are sister genera in the tribe Pyroleae (Ericaceae), Pyrola picta Sm. and 
Chimaphila umbellata (L.) W. Bartram.  These two species were chosen based on the results of 
prior studies that showed indications of partial mycoheterotrophy in both P. picta and C. 
umbellata (chapter one of this dissertation, Tedersoo et al. 2007; Zimmer et al. 2007).  The 
evidence for partial mycoheterotrophy in P. picta and C. umbellata is based primarily on the 
similarity of their bulk leaf tissue δ15N values to fully mycoheterotrophic species (chapter one of 
this dissertation, Tedersoo et al. 2007; Zimmer et al. 2007), their close phylogenetic relationship 
to full mycoheterotrophs in the Monotropoideae (Freudenstein 1999), their association with EM 
fungi (Massicotte et al. 2008), and dependency on fungi to meet all of their carbon demands 
during germination due to the lack of carbohydrate reserves within their seeds (dust seeds) 
(Leake 1994). 
 To elucidate the role of light environment and address the potential masking effects of 
bulk leaf carbon stable isotope analysis in determining partial mycoheterotrophy I designed and 
executed a field experiment where light levels and access to a mycorrhizal network were 
manipulated. To my knowledge, this is the first full factorial field manipulation experiment 
conducted to examine mycoheterotrophic food webs.  From these treatments the δ13C values of 
leaf soluble sugars were analyzed for the two species of Pyroleae over the course of a growing 
season. The purpose of this study was to 1) determine if P. picta and C. umbellata are capable of 
partial mycoheterotrophy and if their dependency on carbon gains via a mycorrhizal network 
increases under reduced light conditions and, 2) to isolate the fungal influence on leaf δ13C by 
analyzing the carbon stable isotopes of leaf soluble sugars and then applying a site-independent 
isotope mixing model that adjusts δ13C for the impact of the treatments alone.   
  
Methods  
Field sites and experimental treatments 
 In the spring of 2008, 10 plots each for the two test species of Pyroleae, Pyrola picta 
(PY1-PY10) and Chimaphila umbellata (CH1-CH10) were established.  Plots were located in 
University of California’s Blodgett Experimental Forest in the foothills of the Sierra Nevada 
mountains (38°54’ N, 120°39’ W) at an elevation of about 1340 m, where there is a mean annual 
precipitation of 1600 mm and mean annual temperature of 11.2 °C (Battles et al. 2001).  At this 
site the forests are second growth Sierran mixed conifer dominated by Abies concolor, Pinus 
lambertiana and Pseudotsuga menziesii with sparse understories and midstories composed 
mainly of Quercus kelloggii and Abies concolor saplings (Battles et al. 2001). Plots were chosen 
based on the presence of at least four colonies of either P. picta or C. umbellata. To minimize the 
effects of environmental stochasticity on leaf carbon isotope signatures plots were limited to 
≤2m2 (Figure 1).  Each plot also contained a seedling of P. menziesii, P. lambertiana, A. 
concolor, or in one plot Taxus brevifolia that were used as a reference for a fully autotrophic 
understory (REF) plant. Average understory light environment across all plots was calculated 
based instantaneous 15-second averages of light measurements made with a Li-Cor 250-A (Li-
Cor Biosciences, Lincoln, Nebraska USA) held at each treatment in every plot at midday on a 
single sampling day.  To make each measurement the Li-Cor light senor was held level on the 
forest floor next to each Pyroleae colony or reference plant.  The average light across all plots 
and treatments was 62µmol s-1m-1, but due to the heterogeneity of light reaching the forest 
understory, this value ranged from 5 to 386µmol s-1m-1.   
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 In early May, directly after snowmelt leaf samples from each Pyroleae colony as well as 
conifer seedlings from every plot were collected at mid-day for baseline carbon isotope data 
(time=0).  Leaves were put immediately on dry ice for transport back to UC Berkeley where they 
were freeze dried for future soluble sugar extraction and carbon stable isotope analysis (see 
below).  After the first leaf samples were collected, four treatments manipulating light and/or 
access to mycorrhizal networks (MNs) were applied to Pyroleae colonies in each plot, and an 
additional light manipulation treatment was applied to the conifer seedlings.  In total there were 
10 replicates of four treatments per Pyroleae species, plus 20 replicates for conifer seedlings for a 
grand total of 100 treatments (Figure 1, Table 1). 

The treatments were applied in full factorial design on a per plot basis in the following 
way: A) Pyroleae colonies of both species were covered with 50% shade cloth to alter the light 
environment, B) colonies of both species were covered with 50% shade cloth and a trench 0.7 m 
in depth was dug around them to exclude any connections with mycorrhizal networks, C) a 
trench 0.7 m in depth was dug around colonies of both species of Pyroleae, D) the fourth colony 
per plot was left un-shaded with no trench (control), E) 50% shade cloth was applied to the 
conifer seedling in each plot as an autotrophic reference (REF) plant.  Approximately two weeks 
after the treatments were installed leaf samples were collected at mid-day from each Pyroleae 
treatment and every reference plant (time=1, day=16), and as with the baseline leaf samples, 
leaves were placed immediately on dry ice and freeze dried back at the lab.  After samples were 
collected, treatments B and C were retrenched to sever any possible newly formed hyphal 
bridges between Pyroleae colonies and surrounding roots (Teste et al. 2006; Simard et al. 1997).  
The sampling scheme was repeated approximately every two-weeks for the course of the 
growing season resulting in a total of four sampling periods from May 15th-June 26th, 2008, here-
on referred to as time zero to time three.  In total, the experiment ran for 44 days (Figures 2 & 3). 
 
Leaf Soluble sugar extraction 

In the laboratory, freeze dried leaf samples were ground to a fine powder.  About 150mg 
of leaf material was used for soluble sugar extraction, following the protocol of Brugnoli et al. 
(1988) with a few modifications. Briefly, leaf soluble sugars were extracted in water by lysing 
the cells with equal weight of PVPP (Polyvinylpolypyrrolidone, 1:1, w/w) and shaking at room 
temperature for 45 minutes.  Samples were then centrifuged at 12,000 rpms for twenty minutes 
and the supernatants containing the soluble sugars were purified with Dowex-50 (H+) resin 
(Sigma-Aldrich Corp., St. Louis, MO USA) for the separation of amino acids from organic acids 
and sugars, and Dowex-1 (Cl-) resin (Sigma-Aldrich Corp., St. Louis, MO USA) for the 
separation of organic acids from sugars. The purified sugars of each sample from every sampling 
time and treatment were freeze-dried for carbon stable isotope analysis.  Sugar standards in 25 
mM and 100 mM concentrations were regularly processed by the method outlined above and 
analyzed for their δ13C values as a quality control for the extraction protocol. 
 
Stable isotope analysis 

Freeze dried leaf soluble sugar samples were analyzed for carbon stable isotope ratios via 
elemental analyzer/continuous flow isotope ratio mass spectrometry (ANCA/SL elemental 
analyzer coupled with a ThermoFinnigan DeltaPlus XL, gas phase isotope ratio mass spectrometer 
(Bremen, Germany). Measured abundances are denoted as δ values and are calculated according 
to the equation:  
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δ13C = (Rsample/Rstandard-1) x 1000 [‰]      (eq. 1) 
 
where Rsample and Rstandard are the ratios of heavy isotope to light isotope of the samples and the 
respective standard.  Standards include sucrose, NIST 1577 bovine liver, and NIST 1547 peach 
leaf.  The long-term precisions for δ13C based on the UC Berkeley’s Center for Stable Isotope 
Biogeochemistry working standards (NIST 1577 bovine liver and sucrose solution) are 0.1‰ for 
δ13C.  As an additional quality control measure randomly selected leaf soluble sugar samples 
from previous runs were re-run to check for precision in their δ13C values.  When there was 
enough leaf material remaining after sugar extraction, leaf tissue from sampling time 0 (prior to 
treatment) and sampling time 3 (44 days of treatment) from plots of each Pyroleae species under 
all four treatments as well as plots’ respective reference plants were analyzed for bulk δ13C and 
percent N.  The total number of samples analyzed for each species, sampling time and treatment 
are summarized in Table 1. 
 
Calculation of fungal carbon contribution to leaf soluble sugars’ δ13C and statistics  
 To isolate the contribution of 13C enriched fungal derived carbon on the δ13C values of 
Pyroleae species’ leaf soluble sugars I have developed the following isotopic mixing model:  
 
(δ13Ca-(δ13Cb-δ13Cc))-δ13Cd=εfungal                    (eq. 2) 
 
The model normalizes δ13C values of Pyroleae species for the nuisance factors of both trenching 
and shading.  Where δ13C refers to the delta 13C value of the soluble sugars of either P. picta or 
C. umbellata, the sub-script refers to the treatment (A-D), and εfungal is a site-independent 
enrichment factor reflecting the influence of decreased light availability on test species C-gains. 
For each plot the δ13C values of treatment C are first subtracted from treatment B to isolate the 
effect of shade independent of MNs on Pyroleae species leaf soluble sugars’ δ13C, then this value 
is subtracted from treatment A to isolate any 13C enriched fungal carbon transferred through 
MNs to Pyroleae species leaf soluble sugars.  Lastly treatment D (control) δ13C values are 
subtracted from the other treatments to normalize δ13C for environmental effects such as 
differences in humidity, temperature and CO2 concentrations throughout the growing season, 
thus allowing for comparisons across plots and over the sampling period (Preiss & Gebauer 
2008; Dawson et al. 2002).  εfungal was calculated per Pyroleae species, per plot and per sampling 
time. Then enrichment factors were averaged across plots for each sampling interval per species 
and standard errors around the means were calculated (Figure 4).  εfungal values from sampling 
times 0-3 were tested for normality using a Shapiro-Wilks test and compared to each other using 
a multi-way ANOVA and post-hoc Tukey’s HSD.  For a plant capable of mycoheterotrophy the 
expected output of the mixing model is that as light availability decreases εfungal increases.  
Whereas for a primarily autotrophic plant εfungal should decrease with decreasing light 
availability. 
 The effect of time and treatment on the δ13C values of the leaf soluble sugars for both 
species were determined using non-parametric Mann-Whitney U’ tests with sequential 
Bonferroni corrected P-values (Figures 2 and 3). For samples where bulk leaf tissue δ13C was 
analyzed these values were compared to the same sample’s soluble sugars’ δ13C values at each 
sampling time via independent Student’s t-tests (supplemental Figure 1).  Change in percent leaf 
nitrogen from sampling times 0 and 3 within every treatment for Pyroleae species and reference 
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plants were compared via independent Student’s t-tests (Figure 5).  All P-values were considered 
statistically significant at α≤0.05. 
 
Results 
δ13C values of leaf soluble sugars by treatment over sampling time 
 In the Pyrola picta plots the δ13C values from treatment A (shading) showed a clear trend 
towards becoming more enriched in 13C over the course of the growing season, and were 
significantly more enriched in 13C at time 1 compared to time 3 (time 1 vs. 3 P=0.006), but were 
not statistically significantly different at sampling time 0 and time 3 (Figure 2).  In contrast the 
δ13C values of Chimaphila umbellata under treatment A became statistically significantly more 
depleted in 13C over the 44-day sampling period (time 0 vs. 1 P<0.001, time 0 vs. 2 P=0.008, 
time 0 vs. 3 P<0.001).  For treatment B (shading and trenching) both species had trends similar 
to treatment A, and P. picta was statistically significantly more enriched in 13C at time 3 
compared to the baseline sampling of leaf soluble sugars prior to treatment (time 0 vs. 3 
P<0.001, Figure 2). The effects of treatment C (trenching) on the δ13C values of both species was 
again, similar to the other two treatments where P. picta became statistically significantly more 
enriched in 13C over the course of the sample period (time 0 vs. 2 P=0.045, time 0 vs. 3 P=0.006, 
Figure 2) while C. umbellata became statistically significantly more depleted in 13C (time 0 vs.1 
P=0.024, time 0 vs. 3 P=0.006, Figure 2).  In the control treatments (treatment D), the δ13C 
values of P. picta did not change significantly over the course of the growing season while at 
sampling time 1 (day 16) the C. umbellata controls were significantly more depleted in 13C than 
at the sampling prior to treatment (time 0 vs. 1 P=0.02) and 31 days into the experiment (time 1 
vs. 2 P=0.012, Figure 2).  For the shaded autotrophic reference plants in each plot there was no 
statistically significant differences in δ13C between sampling periods for all 20 plots (Figure 2).  
Overall, at the end of the sampling time (day 44) the mean δ13C values of P. picta leaf soluble 
sugars for each treatment except the controls showed a trend toward 13C enrichment, while the 
mean δ13C values for every C. umbellata treatment except the controls showed a statistically 
significant trend toward 13C depletion (Figure 2). 
 
δ13C values of leaf soluble sugars by sampling time over treatments 
 At time 0 there were no statistically significant differences between the δ13C values of the 
leaf soluble sugars from P. picta and the REFs (Figure 3). The trend followed throughout the 
course of the experiment where even after 44 days of the treatments being in place, the δ13C 
values of P. picta’s leaf soluble sugars under each treatment were not statistically significantly 
different from each other or from the shaded REFs (Figure 3).  However, as mentioned in the 
previous results section, there was an overall trend toward 13C enrichment in all P. picta 
treatments except the controls (Figure 3).  Conversely, C. umbellata individuals were 
significantly more enriched in 13C prior to treatment than surrounding REFs (treatments A-D 
time 0 vs. treatment E time 0, P<0.001), but over time all treatment’s δ13C values, except the 
controls (treatment D time 3 vs. treatment E time 3, P=0.02), became more depleted in 13C, more 
similar and statistically indistinguishable from the δ13C values of shaded REFs (Figure 3).  For 
C. umbellata treatments A (shaded) and C (trenched) were significantly different from the 
controls at the end of the sampling time (treatment A time 3 vs. treatment D time 3, P=0.027, and 
treatment C time 3 vs. treatment D time 3, P=0.032, Figure 3).  Treatment B (shaded and 
trenched) showed a clear trend toward depletion in 13C over the course of the growing season it 
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was not statistically significantly different from any of the other treatments or controls (Figures 2 
and 3).  
  
Influence of fungal carbon contributions to Pyroleae species leaf soluble sugars δ13C  
 Based on the results from the isotope mixing model (see methods section), the εfungal 
values of P. picta and C. umbellata responded differently over time.  Though both species started 
at time 0 (prior to treatment) with εfungal values that were not statistically significantly different 
from one another, by the end of the sampling period, C. umbellata was significantly more 
depleted in 13C compared to P. picta at sampling times 1, 2 and 3 (P=0.016, 0.02 and 0.016 
respectively, Figure 4).  The εfungal values of P. picta were not significantly different from each 
other over the course of the sampling period, but did show a general trend toward 13C enrichment 
from time 0 to time 3 (Figure 4).  
 
δ13C values of bulk leaf tissue compared to leaf soluble sugars within treatments and over 
sampling time 
 In the P. picta plots under all four treatments (A-D) throughout the course of the 
experiment there were no statistically significant differences in the bulk leaf tissue δ13C values 
compared to those of the leaf soluble sugars, this was also true for the δ13C values of the REF 
plants from P. picta plots (supplementary Figure 1). Furthermore, for P. picta the bulk leaf tissue 
δ13C values per a treatment over sampling time 0 to time 3 were not statistically significantly 
different from one another (supplementary Figure 1).  For C. umbellata treatments A-D prior to 
treatment application (time 0) and at the end of the sampling period (time 3) δ13C values of the 
leaf soluble sugars were consistently, and statistically significantly more enriched in 13C 
compared to respective bulk leaf tissue, except for the controls (treatment D) at time 0 (all 
treatments across sampling times for sugars vs. bulk had P-values <0.02, supplementary Figure 
1).  However, this was not the case for the δ13C values from the leaf soluble sugars and bulk leaf 
tissue for these plots’ reference plants which were not significantly different at either sampling 
time (supplementary Figure 1). For C. umbellata the bulk leaf tissue δ13C values per a treatment 
over time 0 to time 3 were significantly different from one another in treatments A (time 0 vs. 3 
P=0.008) and B (time 0 vs. time 3 P=0.01).  However, the statistical power of these tests is 
minimal due to the low sample size for C. umbellata plants at sampling time 0 under treatments 
A (n=2) and B (n=1) (Table 1). 
 
Percent leaf N in treatments and over sampling time 
 Percent leaf nitrogen decreased in C. umbellata under all treatments from the time prior 
to treatment to 44 days after treatments were in place and was statistically significant from 
sampling time 0 to time 3 in treatments A-C (A time 0 vs. 3 P=0.013, B time 0 vs. 3 P=0.035, C 
time 0 vs. 3 P=0.041, Figure 5), but not in the controls.  However, the power of these statistical 
tests is minimal due to the limited number of samples of C. umbellata plants at time 0 under 
treatments A-C (Table 1). Percent leaf nitrogen did not change significantly under treatment or in 
controls of P. picta plants nor did it change in the reference plants from the P. picta and C. 
umbellata plots (Figure 5).  Overall, C. umbellata plants prior to treatment application, and P. 
picta plants both before, and 44 days after treatment had higher percentages of leaf nitrogen than 
reference plants (Figure 5).  
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Discussion 
 In this study I used a experimental design where light environment and access to 
mycorrhizal networks were manipulated for plants in the understory in all combinations, and leaf 
soluble sugars’ δ13C were analyzed to track changes in the test species physiology and carbon 
acquisition strategies under each treatment and over time. By targeting the leaf soluble sugars for 
carbon stable isotope analysis I was able to detect significant effects of the treatments over the 
course of the sampling period on the δ13C of my test species, Pyrola picta and Chimaphila 
umbellata.  These two species had dissimilar isotopic responses to the treatments that are caused 
by their differing physiologies and their distinct C-sources.  
 
General trends in leaf soluble sugars’ δ13C 
 Overall, there were some common patterns in the δ13C values of the leaf soluble sugars 
from the two test species as well as the reference plants.  One such pattern was that the controls 
of the two test species showed no significant change in δ13C over time (Figure 2).  The similarity 
of δ13C in the controls over the course of the experiment indicates that the changes in δ13C of the 
two test species while under treatments A-C were due to primarily to a treatment effect rather 
than changes in the environment that could influence carbon isotope discrimination.  There was, 
however, a slight trend toward 13C enrichment in the P. picta controls that could indicate plant 
response to soil drying that had occurred over the course of the growing season.  Increased water 
limitation would cause an increase in the intrinsic water use efficiency (carbon fixed/water lost) 
of these plants driven by a decrease in stomatal conductance (gs) and therefore less 
discrimination by RuBisCO, against 13CO2 (Figure 2, Ehleringer et al. 1991).  According to the 
Blodgett Forest weather station, during the experiment there was only a single rain event where 
from May 24th to the 27th the forest received a total of 0.0114 inches of precipitation as rainfall, 
from early May to late June average monthly temperatures in the forest increased by about 5°C 
from 14.45° to 19.45°C while relative humidity decreased from 53% in May to 50% in June. 
However, the increase in 13C among control plants was small compared to treatment affects on 
δ13C (Figure 3).    
 
Ecophysiological explanations of δ13C values from leaf soluble sugars of Pyroleae species under 
shading and trenching treatments 
 Even though P. picta and C. umbellata are phylogenetically closely related (Freudenstein 
1999), have comparable mycorrhizal fungal associates (Massicotte et al. 2008), similar 
phenologies and geographic ranges in the western U.S.A. (USDA plants database 
http://plants.usda.gov/), and are often found in the same habitats; the results of this study shows 
for the first time that they have significantly different physiological responses to environmental 
and biological variables.  From the first sampling time prior to treatment application over the 44 
day course of the experiment, P. picta had increases in average δ13C values of leaf soluble sugars 
across plots under decreased light availability and access to MNs, while C. umbellata under the 
same treatments had decreases in average δ13C values.  
 The potential contributions of fungal-C to the δ13C of leaf soluble sugars among my test 
species cannot be determined by analyzing responses in δ13C from only the shade treatment, 
because this treatment may have an effect on plants’ physiology that is independent of 
mycoheterotrophy, but still impacts δ13C.  Therefore changes in δ13C of each test species in the 
absence of MNs (treatments B and C) must be taken into account to realistically assess any 
fungal inputs on δ13C under increased light limitation. The importance of addressing treatment 
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effects that are independent of fungal effects is evident from the isotope data from treatments A-
D across the sampling period (Figure 2). Looking just at changes in δ13C under treatment A 
(shade) the leaf soluble sugars of P. picta became increasingly enriched in 13C.  However, 
without determining the effect of shade in the absence of MNs this 13C enrichment could be due 
to either an increased importation of 13C enriched carbon from heterotrophic tissues such as the 
starchy rhizomes of the plants (Cernusak et al. 2009 and references therein) or, an increased 
importation of 13C enriched carbon from MNs (Preiss et al. 2010).  Under the same shade 
treatment C. umbellata became increasingly more depleted in 13C over the course of the 
experiment.  A depletion in 13C under increased shade is a common trend among autotrophic C3 
plants (Göttlicher et al. 2006; Michelsen et al. 1996) due to either an increase in stomatal 
conductance, and increase in Ci/Ca leading to greater discrimination by RuBisCO against 13C 
(Berry et al. 1997; Lloyd et al. 1992; Farquhar et al. 1989) or an overall decrease in 
photosynthetic rate which would also lead to an increase in Ci/Ca (Zimmerman & Ehleringer 
1990; Farquhar et al. 1989).  Based on the decrease in percent leaf nitrogen in C. umbellata 
plants after 44 days shading (Figure 5), the later explanation seems the most likely.  A decrease 
in leaf nitrogen indicates a decrease in N demand to run the leaf’s photosynthetic machinery 
(Raven & Farquhar 1990).  Even though both of these scenarios are what would be expected 
from plants that are primarily acquiring carbon via photosynthesis, effects of treatment alone 
must be accounted for before C-gains via mycoheterotrophy can be completely ruled out.  
 This study is the first to use the δ13C of leaf soluble sugars as an indicator for changes in 
EM plants’ physiology when cut off from mycorrhizal networks.  The opposite isotopic 
responses of the two test species in this study when trenched (treatment C) is a novel finding and 
gives new insights into the variability of plant physiological responses to trenching, even among 
closely related species. Because C-gains via mycorrhizal networks can be ruled out as a 
contributing factor that led to the 13C enrichment over time in P. picta plants, the most likely 
explanation for this trend is that trenched P. picta plants experienced an increased rate of 
photosynthesis due to an increase in soil nutrient availability (Coomes & Grubb 2000; Raven & 
Farquhar 1990).  The observed trend in δ13C for C. umbellata plants when trenched was a 
depletion in 13C (Figure 2).  The causes for this depletion in 13C, and why δ13C shifted in the 
opposite direction for C. umbellata compared to P. picta are less clear than in the shaded 
treatment, but could be explained by an overall decrease in photosynthetic rate (Coomes & 
Grubb 2000; Ehleringer et al. 1991; Ehleringer et al. 1986).  Unlike P. picta, the trenched C. 
umbellata plants had a decrease in percent leaf nitrogen compared to the sampling time prior to 
treatment (Figure 5).  The decrease in percent leaf nitrogen in trenched C. umbellata plants 
supports the explanation of a decrease in photosynthetic rate being the primary factor responsible 
for a decrease in δ13C in the trenched treatments.  Lower relative percent leaf nitrogen is an 
indicator of a decrease in N demand by a plants photosynthetic machinery which is the primary 
sink for nitrogen (DeLucia & Schlesinger 1991). 
 In treatment B where both light and access to mycorrhizal networks were manipulated by 
shading and trenching, the effects on leaf soluble sugars’ δ13C were similar to those of treatments 
A and C on each species.  Though there were no significant differences between treatments A-C 
for either P. picta or C. umbellata at any given sampling time (Figure 3), the trend of increasing 
13C enrichment in P. picta, and increasing 13C depletion in C. umbellata for treatment B was 
intermediate to that of treatments A and C except at sampling time 1 in the P. picta plots (Figure 
3).  The intermediate δ13C values of treatment B indicate that there was an averaging effect of the 
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two treatments on the leaf soluble sugars’ δ13C, where the δ13C values of each test species under 
treatment B represents a mixture of the influences of both shading and trenching. 
 
Influence of fungal derived C on leaf soluble sugars δ13C of Pyroleae species 
 The purpose of this study was to determine if the degree of two Pyroleae species 
dependency on fungal carbon gains increases under reduced light conditions and, to isolate the 
fungal influence on leaf soluble sugars δ13C.  To accomplish this I designed a novel mixing 
model.  The fundamental expectation under this model is that under increased light limitation a 
test species that relies more heavily on C acquisition via MNs will have an increase in εfungal.  
Conversely, a test that is subjected to a decrease in light availability, but incapable of 
mycoheterotrophy and relies primarily on C-gains via autotrophy will have a decrease in εfungal. 
The aforementioned patterns were extensively what were found in my two test species.  Over 
time P. picta’s εfungal values became more enriched in 13C while C. umbellata’s εfungal values 
became more depleted, and at every sampling time post treatment P. picta had εfungal values that 
were significantly enriched compared to those of C. umbellata (Figure 4). At the first sampling 
time prior to treatment the results of the mixing model for P. picta and C. umbellata were similar 
with εfungal values hovering around 0‰ (Figure 4).  The finding that the two test species began at 
essentially the same εfungal values validates the efficacy of the model in normalizing δ13C 
between species that may have differing physiologies, as well as across plots that may be 
experiencing different environments.  The mixing model has also successfully normalized the 
δ13C of both Pyroleae species for treatment effects that are independent of any fungal influence 
on leaf soluble sugars’ δ13C, because despite the competing and parallel isotopic responses of 
each test species under treatments A-C, there remained a clear pattern of 13C enrichment in P. 
picta plants and a 13C depletion in C. umbellata (Figure 4).  However, from the time prior to 
treatment to the end of the experiment there was not a statistically significant increase in the 
εfungal values of P. picta. Possible reasons for the lack of a statistically significance response in P. 
picta are: 1) fungal carbon contributions remained constant under decreased light availability and 
light was not a driving factor for partially mycoheterotrophy, 2) the experiment did not run long 
enough or decrease relative light availability enough to substantially increase P. picta as a 
fungal-derived carbon sink 3) the experimental plots were not replicated enough to have 
statistical power to prevent type II errors.  While none of these possibilities can be completely 
ruled out, based on the results of this work as well as previous investigations of green Pyroleae 
bulk leaf carbon and nitrogen stable isotope signatures, some species in this tribe are capable of 
partial mycoheterotrophy (chapter one of this thesis, Tedersoo et al. 2007; Zimmer et al. 2007).  
However, they do not appear to be as dependent on mycoheterotrophic C-gains as some green 
terrestrial orchids (Abadie et al. 2006; Julou 2005; Bidartondo 2004).  All green Pyroleae species 
examined thus far have δ15N values that are indistinguishable from fully mycoheterotrophic 
orchid and ericaceous species, all of which are enriched in 15N compared to surrounding 
autotrophic understory plants (Preiss & Gebauer 2008).  The enrichment in 15N of fully 
mycoheterotrophic plants that associate with EM fungi is thought to be due to the physical 
incorporation (hyphal digestion) or biochemical transfer (active transport) of fungal derived 
organic N-compounds into the plant (first chapter of this dissertation; Tedersoo et al. 2007; 
Zimmer et al. 2007).  Therefore the 13C enrichment in the leaf soluble sugars of P. picta found in 
this study may be due to carbon gains from organic nitrogen sources derived from fungi, which 
would not per se be influenced by light availability.  This “mycoheterotrophic” nitrogen 
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acquisition strategy among EM plants may be a precursor to carbon stealing and deserves further 
study. 
 
Future directions and conclusion 
 The results of this study provide substantial inroads for future areas of research on partial 
mycoheterotrophy.  Factors that should be measured in future field experiments on potentially 
partially mycoheterotrophic species are soil moisture, CO2 assimilation rates and other plant 
physiological processes such as stomatal conductance.  These factors should at least be taken 
into consideration in future studies, as shown in this study, they can have competing isotopic 
signals that influence δ values of any compound related to plant carbon acquisition or nutrition. 
Promising avenues for future research on partial mycoheterotrophy include the utilization of 
stable isotope probing where atmospheric CO2 is labeled and traced from autotrophs, through 
fungi and into mycoheterotrophs.  Though none have been identified to date, partially 
mycoheterotrophic flowering plants, liverworts, or ferns that associate with arbuscular 
mycorrhizal fungi could provide ideal systems with which to do these types of labeling 
experiments in situ as the autotrophic “hosts” for these plants should have relatively smaller 
biomass and faster rates of CO2 fixation that those of partially mycoheterotrophic plants 
associated with ectomycorrhizal fungi.  
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Table 1:  Number of leaf samples collected for either soluble sugar or bulk leaf tissue carbon 
stable isotope analysis at four sampling times (t=0-t=3) from Pyrola picta (PYPI) and 
Chimaphila umbellata (CHUM) plots under treatments A-E.  
 

Plot Treatment (A-E) Sugars 
t=0 

Sugars 
t=1 

Sugars 
t=2 

Sugars 
t=3 

Bulk 
t=0 

Bulk 
t=3 

PYPI A=shade 10 10 10 8 6 5 
 B=shade+trench 10 10 10 9 6 3 
 C=trench 10 10 10 9 6 4 
 D=control 10 10 10 10 4 6 
 E=shaded reference 10 10 10 9 5 6 
CHUM A 10 10 10 10 2 6 
 B 10 10 10 10 1 6 
 C 10 9 10 10 1 6 
 D 10 10 10 9 3 6 
 E 10 10 10 9 3 6 
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Figure 1: Cartoon of plot layout.  Treatments A-D applied to Pyroleae species Pyrola picta or 
Chimaphila umbellata.  Treatment A=50% shade screen; treatment B=50% shade screen and 0.7 
m deep trench; treatment C=0.7 m deep trench; treatment D=control.  Treatment E=50% shade 
screen applied to a neighboring conifer seedling no taller than 0.5 m.  Each plot was no larger 
than 2m2 and there were a total of 20 plots (ten per Pyroleae species). 
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Figure 2: Mean δ13C values from the leaf soluble sugars of Pyrola picta (dark bars), Chimaphila 
umbellata (light bars), reference plants from P. picta plots (black bars) and C. umbellata plots 
(open bars) under treatments A-E over time: a) treatment A (shade); b) treatment B 
(shade+trench); c) treatment C (trench); d) control; e) treatment E (shaded reference plant).  
Error bars represent one standard error.  Statistical comparisons of the δ13C values from each 
Pyroleae species and reference plants from either the P. picta or C. umbellata plots across time 
were made via non-parametric Mann-Whitney U’ tests with sequential Bonferroni corrected P-
values. Letters that are different per species and treatment are significant at ∝≤0.05. 
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Figure 3: Mean δ13C values of leaf soluble sugars between treatments at each sampling time, 
Pyrola picta (dark gray bars), Chimaphila umbellata (light gray bars), reference plants from P. 
picta plots (black bars), autotrophic reference plants from C. umbellata plots (open bars), error 
bars represent one standard error. Treatment A=50% shade screen, treatment B=50% shade 
screen and 0.7 m deep trench, treatment C=0.7 m deep trench, treatment D=control.  Treatment 
E=50% shade screen applied to a neighboring conifer seedling no taller than 0.5 m.  Each graph 
corresponds to one of four sampling times: a) day 0; b) day 16; c) day 31; d) day 44.  Statistical 
comparisons of the δ13C values between treatments and within a sampling time were made via 
non-parametric Mann-Whitney U’ tests with sequential Bonferroni corrected P-values. Letters 
that are different per Pyroleae species and corresponding reference plants and within a sampling 
time are significant at ∝≤0.05. 
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Figure 4: Mean enrichment in 13C per species and per sampling time based on the output of the 
isotope mixing model designed to isolate the influence of 13C enriched fungal carbon on the δ13C 
values of leaf soluble sugars from shaded Pyrola picta (dark gray bars) and Chimaphila 
umbellata (light gray bars), error bars represent one standard error. Calculation of ε13Cfungal= 
(δ13Cshade - (δ13Cshade&trench - δ13Ctrench)) - δ13Ccontrol and was done on a per plot basis. Different 
letters are significant at ∝≤0.05. 
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Figure 5:  Change in mean percent nitrogen from sampling time 0 (prior to treatment) to 
sampling time 3 (44 days of treatment) in treatments A-E. Treatment A=50% shade screen, 
treatment B=50% shade screen and 0.7 m deep trench, treatment C=0.7 m deep trench, treatment 
D=control.  Treatment E=50% shade screen applied to a neighboring conifer seedling no taller 
than 0.5 m.  Dark gray bars=%N Pyrola picta time 0, diagonal lines=%N P. picta time 3, 
black=%N of reference plants from P. picta plots at time 0, diamonds=%N of reference plants 
from P. picta plots time 3.  Light gray bars=%N Chimaphila umbellata at time 0, crosses =%N 
C. umbellata at time 3, white=%N of reference plants from C. umbellata plots at time 0, 
dashes=%N of reference plants at time 3. Statistical comparisons were made (when appropriate) 
between %N at sampling time 0 compared to sampling time 3 per species and per treatment. 
Different letters represent significant differences between percent leaf N at time 0 versus time 3 
at ∝≤0.05. Error bars represent one standard error. 
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Supplementary Figure 1: Mean δ13C of leaf soluble sugars and bulk leaf tissue of Pyrola picta 
and Chimaphila umbellata from sampling time 0 (prior to treatment) to sampling time 3 (44 days 
of treatment).  Dark gray bars=bulk δ13C at time 0, diagonal lines=sugars’ δ13C at time 0, light 
gray=bulk δ13C at time 3, crosses=sugars’ δ13C at time 3.  Black=bulk δ13C of reference plants at 
time 0, dashes=sugars’ δ13C of reference plants at time 0, white=bulk δ13C at time 3, 
diamonds=sugars’ δ13C of reference plants at time 3. Treatment A=50% shade screen, treatment 
B=50% shade screen and 0.7 m deep trench, treatment C=0.7 m deep trench, treatment 
D=control.  Treatment E=50% shade screen applied to a neighboring conifer seedling no taller 
than 0.5 m. Statistical comparisons were made between the mean δ13C values of bulk leaf tissue 
and leaf soluble sugars at sampling time 0 or time 3 per treatment via independent Student’s t-
tests.  Different letters represent significant differences between the mean δ13C values of bulk 
leaf tissue versus soluble sugars at ∝≤0.05. Error bars represent one standard error. 
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