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Summary

1. Phenology-induced changes in carbon assimilation by trees may affect carbon stored in fine

roots and as a consequence, alter carbon allocated to ectomycorrhizal fungi. Two competing

models exist to explain carbon mobilization by ectomycorrhizal fungi. Under the ‘saprotrophy

model’, decreased allocation of carbon may induce saprotrophic behaviour in ectomycorrhizal

fungi, resulting in the decomposition of organic matter to mobilize carbon. Alternatively,

under the ‘nutrient acquisition model’, decomposition may instead be driven by the acquisition

of nutrients locked within soil organic matter compounds, with carbon mobilization a sec-

ondary process.

2. We tested whether phenology-induced shifts in carbon reserves of fine roots of aspen (Popu-

lus tremuloides) affect potential activity of four carbon-compound degrading enzymes, b-glu-
curonidase, b-glucosidase, N-acetylglucosaminidase and laccase, by ectomycorrhizal fungi.

Ectomycorrhizal roots from mature aspen were collected across eight stands in north-eastern

Alberta, Canada, and analysed during tree dormancy, leaf flush, full leaf expansion and leaf

abscission. We predicted potential extracellular enzyme activity to be highest when root carbon

reserves were lowest, should host phenology induce saprotrophism. Further, we anticipated

enzyme activity to be mediated by invertase, a plant-derived enzyme which makes carbon

available to fungal symbionts in the plant–fungus interface.
3. Root carbon reserves were positively correlated with invertase, suggesting phenology may

affect carbon allocation to ectomycorrhizal fungi. However, of the four enzymes, host phenol-

ogy had the largest effect on b-glucuronidase, but activity of this enzyme was not correlated

with root carbon reserves or invertase. Low-biomass ectomycorrhizas had greater potential lac-

case activity than high-biomass ectomycorrhizas, highlighting discrete functional traits in fungi

for litter decomposition.

4. Our results suggest that the decomposition of organic matter may be driven by foraging by

fungi for nutrients locked within organic compounds rather than for mobilizing carbon. Fur-

thermore, the potential ability to degrade lignin was more common in low-biomass ectomycor-

rhizas when compared to high-biomass ectomycorrhizas.
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Introduction

Ectomycorrhizal fungi form a symbiotic relationship with

trees, functionally extending the roots of their host tree

and providing mineral nutrients in exchange for

photosynthetically derived carbon. This symbiosis is par-

ticularly important in boreal forests, where slow decompo-

sition rates drive nutrient limitation (Read, Leake & Perez-

Moreno 2004). Moreover, trees in the boreal forest

undergo dramatic fluxes in carbon assimilation due to

short growing seasons followed by long periods of winter

dormancy. The subsequent fluctuations of carbon alloca-

tion from host to fungi may have cascading effects on soil

carbon and nutrient cycling (Lloyd & Taylor 1994).
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Though ectomycorrhizal fungi depend on living hosts

for carbon, their capacity for saprotrophism has recently

been debated (Baldrian 2009; Cullings & Courty 2009;

Br�eda et al. 2013; Lindahl & Tunlid 2014). Ectomycor-

rhizal fungi (EMF) release a suite of extracellular enzymes

to break down complex organic matter for nutrient acqui-

sition in exchange for glucose derived from their plant

hosts. Chitinases and phosphatases, for example, are

released to degrade organic matter–protein complexes to

acquire nitrogen and phosphorus, respectively (Pritsch &

Garbaye 2011; Rineau et al. 2012). However, recent dis-

coveries indicate that EMF also release enzymes which can

decompose plant litter. Several findings have demonstrated

that EMF secrete carbon-compound degrading enzymes to

mobilize glucose (Courty, Br�eda & Garbaye 2007; Cul-

lings, Ishkhanova & Henson 2008; Courty, Franc & Gar-

baye 2010; Rineau et al. 2012), a trait historically only

attributed to free-living saprotrophic fungi (Baldrian

2009). Moreover, laboratory studies have shown the poten-

tial of EMF to depolymerize carbon compounds for glu-

cose acquisition, albeit at low rates compared to their

saprotrophic counterparts (Burke, Smemo & Hewins

2014).

The purpose of direct decomposition of organic carbon

compounds by EMF is debated, but two general models

have been proposed. The first model, hereafter termed the

‘nutrient acquisition model’ (Talbot, Allison & Treseder

2008; Lindahl & Tunlid 2014; Moore et al. 2015), describes

decomposition by EMF as a by-product of releasing nutri-

ents locked in organic matter. Enzymes are secreted to

break down carbon complexes in order to access nitrogen

or phosphorus within the complexes, and carbon mobiliza-

tion may simply be a secondary process, not the goal of

decomposition. With this model, the level of enzyme secre-

tion is not inversely dependent on carbon availability from

the host tree, rather enzymes are secreted at a relatively

consistent rate. The second model, hereafter termed the

‘saprotrophy model’ (Courty, Br�eda & Garbaye 2007; Tal-

bot, Allison & Treseder 2008; Courty, Franc & Garbaye

2010; Moore et al. 2015), proposes that the ability of EMF

to decompose carbon compounds is inversely related to

carbon allocation from the host tree. When allocation is

high, enzymes for decomposition decrease and carbon

mobilization from soil decreases. Likewise, when alloca-

tion is low, enzymes for decomposition increase, and car-

bon mobilization from soil increases. Due to the important

role of EMF in soil carbon sequestration (Clemmensen

et al. 2013; Averill, Turner & Finzi 2014), saprotrophism

would represent a large carbon loss often misattributed in

global carbon models (Moorhead & Sinsabaugh 2006; Alli-

son 2012; Treseder et al. 2012).

Under the saprotrophy model, decomposition by EMF

may be driven by the phenology of the host trees and the

associated changes in carbon inputs to their symbionts.

Deciduous trees in boreal forests spend most of the year

dormant followed by a relatively short period for leaf

flush, expansion and abscission – phenological stages

which may directly influence the host–symbiont relation-

ship as well as leaf litter input. Many tree species reserve

sugar and starch for metabolism when photosynthetically

derived carbon is limited. These sugar and starch reserves,

collectively termed nonstructural carbohydrates (NSCs),

fluctuate in response to seasonality and subsequently

induce changes in source-sink dynamics in trees (Chapin,

Schulze & Mooney 1990). For example, when Landh€ausser

& Lieffers (2003) monitored the fine root sugar and starch

content of aspen (Populus tremuloides Michx.) from spring

thaw to autumn frost, they found starch reserves initially

low but increasing as the growing season progressed. Fol-

lowing leaf abscission however, starch levels dramatically

declined towards the winter dormancy. Sugar concentra-

tions were inversely related, with high levels observed dur-

ing thaw and bud flush, decreasing as the growing season

progressed, but increasing again during leaf abscission and

ground frost. This pattern, observed in many tree species

(Gruber, Pirkebner & Oberhuber 2013; Da Silva et al.

2014; Dang et al. 2014), may determine how much sugar is

allocated to ectomycorrhizal fungi (Johansson 1993; Hoch,

Richter & K€orner 2003).

The mechanism of sugar transfer from host to EMF is

poorly understood, but may be indirectly measured by

monitoring invertase activity (Salzer & Hager 1993; Par-

rent et al. 2009). This plant-derived enzyme is secreted into

the interfacial apoplast where it hydrolyses exuded sucrose

into glucose and fructose, both of which can be absorbed

by EMF; however, glucose is preferred (Smith & Read

2008). Most EMF lack genes encoding invertase and are

unable to absorb sucrose; therefore, they rely on the host

for invertase synthesis and sucrose hydrolysis (Salzer &

Hager 1993; Schaeffer et al. 1995). Hosts may conse-

quently control the amount of photosynthate allocated to

associated symbionts by regulating invertase activity. As

seasonality may cause fluctuations in fine root NSC

reserves, invertase levels may also fluctuate, determining

how much glucose EMF are receiving from their host.

When carbon is available, by processes represented by

either the saprotrophy model or the nutrient acquisition

model, EMF are able to forage for nutrients. Foraging

strategy is often dependent on physical and functional

characteristics of emanating hyphae, and emphasis has

recently been placed on EMF exploration type, rather than

lineage, to better indicate functional characteristics (Hob-

bie & Agerer 2010; Peay, Kennedy & Bruns 2011; Teder-

soo et al. 2012; Fernandez & Kennedy 2015). Agerer

(2001) was the first to classify EMF into exploration types

based on the presence and length of emanating hyphae:

contact types are characterized by a smooth mantle with

few to no emanating hyphae, while medium- and long-dis-

tance types have increasing rhizomorph lengths. Explo-

ration type may predict foraging patterns of EMF species

in addition to extracellular enzyme secretions (Tedersoo

et al. 2012; Lindahl & Tunlid 2014). For example, many

contact types have been found to secrete greater levels of

lignin-degrading enzymes while most long-distance
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exploration types have been found to secrete greater levels

of cellulose-degrading enzymes, which can be explained by

their origin within saprotrophic groups of white rot fungi

and brown rot fungi, respectively (Hibbett & Matheny

2009; Tedersoo et al. 2012; Burke, Smemo & Hewins

2014). The composition and seasonal turnover of EMF

exploration types may therefore determine the set of func-

tions performed by an EMF community (Courty et al.

2008; Rudawska, Leski & Stasi�nska 2011; Tedersoo et al.

2012; Clemmensen et al. 2015) and may have distinct

responses to changes in host phenology.

The relationship among the phenology-dependent stor-

age of NSCs, root invertase activity and EMF-secreted

carbon-compound degrading enzymes is not well under-

stood, but we anticipate these processes to be intimately

linked due to the interdependence between trees and ecto-

mycorrhizal fungi. The objective of this study was to

quantify the potential carbon-compound degrading ability

of Populus tremuloides ectomycorrhizas from host dor-

mancy through leaf abscission. We tested whether pheno-

logical shifts in fine root carbon reserves of mature P.

tremuloides affect the activity of EM-derived carbon-com-

pound degrading enzymes, predicting that decomposing

abilities of EMF would be dependent on host phenology

and follow the saprotrophy model. Specifically, we hypoth-

esized that root NSC reserves and invertase activity would

be lowest during leaf flush and leaf abscission, when host

photosynthesis is low but EMF are active. We predicted

that in response, EMF-secreted carbon-compound degrad-

ing enzymes would be highest during these phenological

stages and lowest during host dormancy and full leaf

expansion.

Materials and methods

S ITE DESCRIPT ION

To test the relationship between host phenology and the activity of

EMF-derived carbon-compound degrading enzymes, eight mature

stands (~64 years old) of aspen (Populus tremuloides) were chosen

near Conklin, north-eastern Alberta, Canada (55°380N, 111°070W)

within the boreal mixedwood forest. Sites were chosen to be approxi-

mately 1 hectare in size and separated by at least 500 m, up to sev-

eral kilometres. Aspen basal area averaged 98%, ranging from a

minimum of 90% to 100% of total stand basal area (Table 1). Sites

have a Viburnum edule (Michx.) Raf.-Rosa acicularis Lindl. under-

storey and Orthic Gray Luvisol soils. Mean precipitation for the

area is 419 mm with a mean high air temperature of 16�8 °C in July

and mean low temperature of �18�8 °C in January (1981–2010,
Fig. 1). During each collection, roots were harvested for nonstruc-

tural carbohydrate (NSC) concentration, potential invertase activity

and EMF-derived extracellular enzyme activity.

Table 1. Total basal area index, Populus tremuloides basal area,

and per cent P. tremuloides for eight mature P. tremuloides stands

in northern Alberta, Canada, of approximately one hectare each

Site

Total basal

area (m�2 ha�1)

P. tremuloides

basal area

(m�2 ha�1)

P. tremuloides

(%)

1 216�81 (�2�33) 194�75 (�6�19) 89�82 (�3�82)
2 202�54 (�9�95) 202�54 (�9�95) 100

3 222�03 (�3�36) 220�52 (�3�89) 99�32 (�0�25)
4 168�96 (�10�42) 159�71 (�11�64) 94�53 (�1�08)
5 217�64 (�9�38) 212�96 (�11�57) 97�85 (�1�11)
6 200�73 (�6�45) 200�73 (�6�45) 100

7 192�49 (�5�43) 191�70 (�5�45) 99�59 (�0�02)
8 244�72 (�8�60) 244�68 (�8�61) 99�99 (�0�01)
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Fig. 1. (a) Mean daily air temperature (°C)
for the Conklin, Alberta, Canada area and

mean daily soil temperature (°C) for the

eight mature Populus tremuloides stands.

Air temperature was retrieved from the

nearest weather station in Fort McMurray,

Alberta, Canada. (b) Total precipitation

(mm) for the Conklin, Alberta, Canada

area and volumetric water content (%) for

the eight mature P. tremuloides stands.

Total precipitation was retrieved from the

nearest weather station in Fort McMurray,

Alberta, Canada. Arrows indicate sampling

dates.
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F IELD SAMPL ING

Collection times of ectomycorrhizas and fine roots were deter-

mined by the phenological stage of the host tree. The four stages

for collection were during: (i) tree dormancy and soil partially fro-

zen (14/15 April 2014); (ii) leaf flush (27/28 May 2014); (iii) late

growing season (7/8 August 2014); and (iv) leaf abscission (27/28

September 2014). Phenological stages were determined by visual

observations.

To measure EMF-derived extracellular enzyme activity, fine

roots were harvested from three mature trees by digging four holes

in the four cardinal directions, approximately 15 cm deep and

within 0�5 m of the host stem. For each of three trees, fine roots,

traced to the host tree, were collected and pooled. Roots were

stored with the surrounding soil in a plastic bag and placed on ice.

To measure potential invertase activity, additional fine roots were

collected from one mature tree also used for EMF-derived enzyme

root collection, stored in separate plastic bags without surround-

ing soil and immediately placed on dry ice upon harvesting. For

NSC analysis, fine root (≤2 mm diameter) samples were collected

from the same mature aspen used for invertase activity for each

site (n = 8). Roots of approximately 20 cm long were harvested

within 0�5 m of the stem and immediately placed on ice. All

samples were transported within 48 h to the University of Alberta.

Roots for measuring EMF-derived extracellular enzyme activity

were stored at 4–6 °C, while roots for invertase enzyme and NSC

analyses were stored at �20 °C, and all roots collected for enzyme

analyses processed within 28 days.

Soil temperature and volumetric soil water content were also

recorded at each site. During the dormancy stage, soils were fro-

zen and soil temperature was recorded using a UE DT130 digital

thermometer with Omega Probe (Universal Enterprises, Inc.,

Beaverton, OR, USA) at a depth of 10 cm. After soil had thawed,

three Hobo temperature pendants (Onset Computer Corporation,

Bourne, MA, USA) were installed at each site at a depth of

10 cm, approximately 25 m apart recording temperature at 2-h

intervals. Soil temperature ranged from a minimum of 0 °C during

host dormancy to a maximum of 14�50 °C during full leaf expan-

sion (Fig. 1).

Volumetric soil water content was measured around a target

tree for each site, at a depth of 6 cm using a Theta Probe Soil

Moisture Sensor (Delta-T Devices Ltd., Cambridge UK), at each

cardinal direction approximately 0�5 m from the stem. Volumetric

soil water content ranged from a minimum of 4�6% during full

leaf expansion to a maximum of 53�4% during leaf flush. The

mean soil water content was 12�7% (�1�10) during host dor-

mancy, 39�9% (�2�25) during leaf flush, 12�2% (�1�24) during full

leaf expansion and 29�1% (�0�82) during leaf abscission. Collec-

tions of roots during leaf flush and leaf abscission took place dur-

ing periods of high precipitation in the area, which likely

increased soil moisture (Fig. 1).

F INE ROOT NONSTRUCTURAL CARBOHYDRATES

Fine roots (≤2 mm) were thawed and gently washed over a

1�2-mm sieve to remove all soil and debris and subsequently

oven-dried for 1 h at 75 °C followed by 60 °C for one week. After

drying, roots were weighed to calculate mass, then ground

through a 40-lm mesh screen in a Wiley mill. Starch and sugar

concentrations were then measured following the protocol of

Chow & Landhausser (2004). Briefly, sugars and starch were

extracted with 80% hot ethanol. Sugar concentration was subse-

quently measured colorimetrically using phenol–sulphuric acid

with a 2% phenol concentration. For starch concentrations, an

enzyme digestion mixture of 1000 U a-amylase and 5 U amyloglu-

cosidase was used on plant tissue samples. A peroxidase–glucose
oxidase/o-dianisidine reagent was used to measure glucose

hydrolysate obtained, followed by the addition of sulphuric acid

and measured colorimetrically.

ROOT INVERTASE AND POTENT IAL ACT IV ITY OF

ECTOMYCORRHIZAL EXTRACELLULAR ENZYMES

Harvested roots were gently washed with tap water over a 1�2-mm

sieve to remove soil and debris, and cut into 1- to 2-cm fragments.

Root fragments were mixed thoroughly in a container filled with

deionized water using forceps. Root tips were placed in a petri

dish with deionized water and examined under a dissecting micro-

scope at 1009 magnification. Ectomycorrhizal root tips were mor-

photyped by appearance of hyphae, mantle structure, colour and

texture (Goodman et al. 1996).

Assays of root invertase activity were performed on up to 75

mycorrhizal root tips per site using materials and methods pro-

vided by Sigma-Aldrich (Invertase Assay Kit, Catalog Number

MAK118, Sigma-Aldrich, St. Louis, MO, USA). Briefly, root tips

were placed in separate wells of a 96-well plate. Each well received

5 lL of a 19 sucrose solution and dark incubated at 30 °C for

20 min. Following incubation, a solution of buffer, enzyme mix

and dye reagent, which fluoresces in reaction with glucose, was

added to each well and dark incubated again for 20 min at room

temperature. Additional details are provided in Appendix S1 of

Supporting Information.

For ectomycorrhizal enzyme assays, a maximum of seven roots

tips were collected for up to four EMF morphotypes per tree, for

three trees per site, corresponding to a maximum of 84 root tips

assayed per site. Activity of four enzymes was measured: b-glucur-
onidase, b-glucosidase, N-acetylglucosaminidase and laccase. b-
glucuronidase, a hemicellulase, hydrolyses the bond between glu-

curonic acid and an organic complex, releasing glucuronic acid for

further degradation to glucose. b-glucosidase is a cellulase which

degrades plant cell wall material by hydrolysing the bond between

two glucose molecules. A chitinase, N-acetylglucosaminidase

releases nitrogen by hydrolysing the glycosidic bonds in chitin.

Laccase contributes to plant cell wall decomposition by oxidizing

the linked phenols in lignin.

Ectomycorrhizal enzyme assays were conducted using the pro-

cedures described by Pritsch et al. (2011). Briefly, solutions of 4-

methylumbelliferone (MUB) and diammonium 2,20-azinobis-3-
ethylbenzothiazoline (ABTS) were made for the assay substrates,

corresponding to the fluorometric assay used for b-glucuronidase,
b-glucosidase and N-acetylglucosaminidase, and colorimetric assay

for laccase, respectively. Root tips were incubated at room tem-

perature for 15 min (b-glucosidase and N-acetylglucosaminidase),

30 min (b-glucuronidase) or 60 min (laccase). Following root

invertase and ectomycorrhizal enzyme assays, root tips were

scanned and projected area was measured with WINRHIZO PRO

2009b software ( Regent Instruments Inc., Qu�ebec, Canada). Fur-

ther details are provided in Appendix S1.

IDENT IF ICAT ION OF ECTOMYCORRHIZAL FUNGI

Ectomycorrhizal morphotypes were classified as either ‘contact’ or

‘distance’ exploration types based on the presence and length of

emanating hyphae (Table S1). These two broad categories were

chosen to eliminate inconsistencies in mycelial length observations.

Once assays were completed, two specimens of each morphotype

per tree were collected for DNA extraction and identification, for

a total of up to twenty-four root tips per site. Fungal DNA of col-

onized root tips selected for molecular analysis was extracted, and

the ITS region was amplified using the fungal-specific ITS1-F and

ITS4 primer pair (Innis et al. 1990; Gardes & Bruns 1993). Ampli-

fication was confirmed by gel electrophoresis, and then, amplified

product was purified and a bidirectional sequencing reaction was
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performed and subsequently read by an ABI Prism 3730 Genetic

Analyzer (Applied Biosystems, Foster City, CA, USA).

Raw sequences were edited with GENEIOUS software (BioMat-

ters, Auckland, New Zealand), clustered into operational taxo-

nomic units and run through the GenBank data base (National

Center for Biotechnology Information, Bethesda, MD, USA)

using BLASTN to identify the best match. Identity was assigned

to an OTU if per cent identity was ≥97 and query coverage was

≥80%. Additional details of extraction, amplification, sequencing

and editing are available in Appendix S1.

STAT IST ICAL ANALYSES

Nonstructural carbohydrate (NSC) concentration, root invertase

activity and potential enzyme activity were averaged for each site

(n = 8), and the effect of phenological stage was tested with one-

way ANOVAs. Values were transformed as necessary to meet

assumptions of normality prior to analysis. Significant effects

(P < 0�05) were followed by Tukey tests to examine differences

among phenological stages (a = 0�05). Pearson correlation coeffi-

cients were calculated between potential enzyme activities, NSC

concentrations, soil temperature and volumetric soil water con-

tent. The effects of ectomycorrhizal exploration type, host phenol-

ogy and their interaction on potential enzyme activity were tested

using a two-way ANOVA when assumptions were met, and a permu-

tational ANOVA when assumptions were not met. The effect of phe-

nological stage on the ratio of contact to distance exploration

types, and on the relative abundance of contact and distance

exploration types, was tested with a one-way ANOVA. Significant

effects were followed by Tukey tests to examine differences among

phenological stages (a = 0�05). All statistical tests were performed

with R software (R Development Core Team 2011).

Results

HOST PHENOLOGY AND ROOT NONSTRUCTURAL

CARBOHYDRATE STATUS

Phenology affected the total nonstructural carbohydrate

(NSC; soluble sugars and starch) concentration of fine roots

(Table 2, Fig. 2). Specifically, mean total NSC concentration

(�1 standard error) of fine roots was 6�0% (�0�61) during
host dormancy, increased to 10�1% (�0�39) during leaf flush,

further increasing to 13�9% (�0�54) during full leaf expan-

sion, which was maintained during leaf abscission

(14�1 � 0�59). Each of the components of NSCs followed a

similar trend. Fine root sugar concentrations were affected

by phenology (P < 0�001, Table 2, Fig. 2), with sugar con-

centration increasing from 5�7% (�0�56) during host dor-

mancy to 9�0% (�0�34) during leaf flush and remaining

constant across the remaining phenological stages

(8�7% � 0�44 and 9�3% � 0�34, respectively). Over the

same phenological stages fine root starch concentrations

increased from 0�3% (�0�07) during host dormancy to 1�2%
(�0�09) during leaf flush, to approximately 5�0% (�0�53)
during full leaf expansion and 4�8% (�0�37) during leaf

abscission stages (P < 0�001, Table 2, Fig. 2). Sugar concen-

tration of fine roots was positively correlated with soil tem-

perature (r2ð8Þ = 0�55, P < 0�001, Table 3) and soil water

content (r2ð8Þ = 0�44, P < 0�05, Table 3). Starch was posi-

tively correlated with soil temperature (r2ð8Þ = 0�82,
P < 0�001, Table 3).

ROOT INVERTASE ACT IV ITY

Host phenology affected root invertase activity (Table 4,

Fig. 3). Specifically, the mean (�1 standard error) poten-

tial root invertase activity was 125�1 pmol mm�2 min�1

(�28�6) during host dormancy, which increased to 190�0
pmol mm�2 min�1 (�46�7) during leaf flush, and after that

did not change significantly during stages of full leaf

expansion and leaf abscission with 151�3 pmol

mm�2 min�1 (�23�3) and 210�5 pmol mm�2 min�1

(�21�8), respectively. Root invertase activity was positively

correlated with fine root sugar concentrations (r2ð8Þ = 0�49,
P < 0�01, Table 3), soil temperature (r2ð8Þ = 0�38, P < 0�05,
Table 3) and soil water content (r2ð8Þ = 0�42, P < 0�01,
Table 3).

Table 2. Analysis of variance for the effect of host phenological

stage on total nonstructural carbohydrate concentration, sugar

concentration and starch concentration. Fine roots were collected

from mature Populus tremuloides stands (n = 8) in northern

Alberta, Canada. Host phenological stage includes dormancy, leaf

flush, full leaf expansion and leaf abscission

Source d.f. Sum. Sq F-value P-value

Total NSC* 3 344�800 47�240 <0�0001
Residuals 21 51�100 2�430

Sugar† 3 66�520 13�91 <0�0001
Residuals 21 33�480 1�594

Starch‡ 3 13�630 4�543 <0�0001
Residuals 21 0�771 0�037

d.f., degrees of freedom; Sum Sq, sum of squares.

*Nonstructural carbohydrate concentration (percent dry mass).

†Sugar concentration (percent dry weight).

‡Starch concentration (percent dry weight).
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roots collected from mature Populus tremuloides stands (n = 8)
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POTENT IAL ECTOMYCORRHIZAL ENZYME ACT IV IT IES

Of the measured enzymes secreted by ectomycorrhizas,

host phenology had the largest effect on the activity of

b-glucuronidase (Table 4). The most pronounced differ-

ence in the activity of b-glucuronidase was between dor-

mancy and leaf flush (Fig. 3). Potential activities of b-
glucosidase, N-acetylglucosaminidase and laccase were not

significantly affected by host phenology; however, the

effect size is uncertain due to large variation. (Table 4,

Fig. 3). Potential activities of b-glucosidase, N-acetylglu-

cosaminidase and laccase were positively correlated

(Table 3), while fine root sugar concentration and activi-

ties of b-glucosidase were negatively correlated (Table 3).

Despite a trend showing an inverse relationship between

b-glucuronidase and invertase (Fig. 3), there was no signif-

icant correlation (Table 3).

TAXA AND EXPLORAT ION TYPES OF

ECTOMYCORRHIZAL FUNGI

Across the four phenological stages, DNA of 62 enzyme-

assayed root tips was amplified with a success rate of 60%.

The DNA of the resulting 37 root tips was sequenced and

quality filtering yielded 26 sequences clustered into four

operational taxonomic units (OTUs) and 14 remaining sin-

gletons (Table S2). In total, 18 ectomycorrhizal fungal taxa

were recorded; the most common taxa were Russula occur-

ring at all phenological stages, and Cenococcum geophilum

which was observed during three of the four phenological

stages (Fig. 4). When ectomycorrhizal root tips were cate-

gorized by exploration type, we found that exploration

type affected potential activity of all enzymes but b-gluco-
sidase (Table 5, Fig. S1). Overall, distance exploration

types had higher potential activity of b-glucuronidase, par-
ticularly during the phenological stages other than leaf

flush (Table 5, Fig. S1). Potential N-acetylglucosaminidase

activity was also higher in distance exploration types

(Table 5, Fig. S1). Activities of laccase were marginally

higher in contact exploration types (Table 5, Fig. S1), but

the high variation of b-glucosidase, N-acetylglucosamini-

dase and laccase activities from both exploration types

masked any potential effect of phenological stage. Contact

exploration types included OTUs belonging to the Russula

genus (Morphotypes E4, E12), an uncultured Thelephora

clone (Morphotype E10) and a Phialocephala fortinii strain

Table 3. Pearson correlation coefficients among potential enzyme activities of ectomycorrhizal root tips, fine root sugar concentrations

and soil conditions across four phenological stages (dormancy, leaf flush, full leaf expansion and leaf abscission) of Populus tremuloides.

Roots were collected from mature P. tremuloides stands in northern Alberta, Canada. Bold values denote a significant correlation

(P < 0�05, n = 8 sites). Bold, italic values denote a marginally significant correlation (P < 0�10)

Gls Glr Nag Lac Inv Sugar Starch Temp

Gls

Glr 0�34
Nag 0�68 0�19
Lac 0�54 0�17 0�45
Inv �0�14 �0�21 �0�08 0�11
Sugar �0�47 �0�18 �0�22 �0�10 0�49
Starch �0�17 �0�10 0�16 0�18 0�27 0�47
Temp �0�19 �0�20 0�17 0�00 0�38 0�55 0�82
SWC �0�31 �0�42 �0�29 �0�22 0�42 0�44 �0�15 �0�08

Gls, b-glucosidase; Glr, b-glucuronidase; Nag, N-acetylglucosaminidase; Lac, laccase; Inv, root invertase; Temp, soil temperature; SWC,

soil water content.

Table 4. Analysis of variance for the effect of host phenological stage on potential enzyme activity of ectomycorrhizal root tips collected

from mature Populus tremuloides stands (n = 8) in northern Alberta, Canada. Host phenological stage includes dormancy, leaf flush, full

leaf expansion and leaf abscission

Source d.f. Sum. Sq Mean Sq. F-value P-value

b-glucuronidase 3 1�199 0�400 3�269 0�042
Residuals 21 2�566 0�122

b-glucosidase 3 23�56 7�852 1�308 0�298
Residuals 21 126�04 6�002

N-acetylglucosaminidase 3 96�0 31�990 1�298 0�301
Residuals 21 517�6 24�650

Laccase 3 718766 260589 2�586 0�080
Residuals 21 2115805 100753

Invertase 3 17�538 5�846 12�82 <0�0001
Residuals 21 9�573 0�456

d.f., degrees of freedom; Sum Sq, sum of squares; Mean Sq, mean square.
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(E12, Table S1). Distance exploration types included

OTUs matching sequences of a Cenococcum geophilum iso-

late (Morphotypes E1, E2), a Russula sp. isolate

(Morphotype E2), a Boletus subglabripes isolate (Morpho-

type E2), a Cortinarius cedriolens isolate (Morphotype E2),

an uncultured Cortinarius clone (Morphotype E2), a Pilo-

derma lanatum clone (Morphotype E2), a Leccinum pop-

ulinum isolate (E11) and a Cortinarius subexitiosus clone

(Morphotype E11, Table S1).

The ratio of contact to distance exploration types did

not change across phenological stages (F(3,28) = 0�94,
P = 0�44); however, phenological stage affected the relative

abundance of distance exploration type ectomycorrhizal

fungi (P < 0�01, Table 6, Fig. 5). Leaf flush coincided with

a lowered relative abundance of distance exploration types,

but was unchanged across the other phenological stages.

The relative abundance of contact exploration types

remained similar across each phenological stage.

Discussion

We predicted host phenology to affect the activity of car-

bon-compound degrading enzymes by EMF due to

changes in root nonstructural carbohydrates and corre-

lated fluctuations in root invertase activity. Though root

nonstructural carbohydrates and invertase activity chan-

ged seasonally, we found that aside from b-glucuroni-
dase, the other carbon-compound degrading enzymes
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curonidase (Glr), (b) b-glucosidase (Gls), (c) N-acetylglucosamini-

dase (Nag), (d) laccase (Lac) and (e) root invertase (Inv) of

ectomycorrhizal root tips across four phenological stages of

mature Populus tremuloides (D, dormancy; LF, leaf flush; LE, full

leaf expansion; and LA, leaf abscission). Ectomycorrhizal roots

were collected from P. tremuloides stands (n = 8) in northern

Alberta, Canada. Letters denote significant differences in activity

among phenological stages (a = 0�05). All enzyme values are

reported in (pmol mm�2 min�1).
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were unaffected; however, the high variability might have

masked any potential effects of host phenological stage.

Ectomycorrhizal exploration type was a stronger predic-

tor of potential extracellular enzyme activity than phe-

nology with distance exploration types having higher

activity of two of the four enzymes. Moreover, the rela-

tive abundance of distance exploration types declined

during leaf flush.

POTENT IAL ECTOMYCORRHIZAL EXTRACELLULAR

ENZYME ACT IV ITY

Taken together, our results on potential EMF enzyme

activity support the nutrient acquisition model, but are not

unequivocal. Contrary to our prediction, we found only

weak relationships between host phenology and overall

activity of b-glucosidase, N-acetylglucosaminidase and lac-

case. Phenology affected activity of b-glucuronidase, which
was highest during host dormancy and lowest during leaf

flush. The high activity during dormancy may indicate a

greater need by ectomycorrhizal fungi to mobilize glucose,

as predicted by the saprotrophy model, or access nutrients

locked within the organic compounds linked to b-glucuro-
nidase, as predicted by the nutrient acquisition model.

Courty, Br�eda & Garbaye (2007) recorded a spike in

potential b-glucuronidase activity of ectomycorrhizas

shortly after leaf flush in a temperate oak forest and sug-

gested its role in leaf development, a finding that could

support the nutrient acquisition model. We found activity

of b-glucuronidase to be marginally higher during full leaf

expansion than leaf flush, perhaps a reflection of its role in

nutrient acquisition during leaf maintenance throughout

the growing season and supporting the nutrient acquisition

model. On the other hand, defoliation has been found to

induce elevated activity of b-glucosidase and laccase (Cul-

lings, Ishkhanova & Henson 2008), suggesting that when

the supply of photosynthate decreases, EMF are able to

increase mobilization of soil carbon. We anticipated a sim-

ilar outcome in response to leaf abscission, but found no

strong effect.

Root invertase activity increased beyond host dor-

mancy but was not significantly correlated with the

Table 5. Effects of ectomycorrhizal exploration type, host phenol-

ogy and their interaction on potential enzyme activity of ectomyc-

orrhizal root tips collected from mature Populus tremuloides

stands in northern Alberta, Canada (n = 8). Host phenological

stages include dormancy, leaf abscission, full leaf expansion and

leaf abscission. Exploration type includes contact and distance

ectomycorrhizal fungi

Source d.f. Sum Sq F-value P-value

b-glucuronidase*
Exploration type 1 0�679 5�084 0�028
Host phenology 3 2�256 5�633 0�002
Exploration type 9

host phenology

3 0�078 0�196 0�899

Residuals 56 7�476
b-glucosidase*
Exploration type 1 0�200 0�009 0�926
Host phenology 3 85�000 1�468 0�233
Exploration type 9

host phenology

3 8�500 0�147 0�931

Residuals 56 1080�500
N-acetylglucosaminidase*

Exploration type 1 1�636 5�399 0�024
Host phenology 3 0�923 1�015 0�393
Exploration type 9

host phenology
3 0�253 0�278 0�841

Residuals 56 16�973
d.f. Chi-square P-value

Laccase†
Exploration type 1 3�739 0�053
Host phenology 3 3�034 0�387

d.f., degrees of freedom; Sum Sq, sum of squares.

*Calculated with two-way analysis of variance.

†Calculated with Kruskal–Wallis test.

Table 6. Effects of host phenological stage on the relative abun-

dance of contact and distance ectomycorrhizal exploration types.

Ectomycorrhizal root tips were collected from mature Populus

tremuloides stands in northern Alberta, Canada (n = 8). Host phe-

nological stages include dormancy, leaf abscission, full leaf expan-

sion and leaf abscission

d.f. Sum. Sq Mean Sq F-value P-value

Contact 3 0�014 0�005 0�269 0�847
Residuals 28 0�483 0�017

Distance 3 0�272 0�091 6�011 0�003
Residuals 28 0�422 0�015

d.f., degrees of freedom; Sum Sq, sum of squares; Mean Sq, mean

square.
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activity of any EMF-derived extracellular enzymes, a

finding that supports the nutrient acquisition model but

is not unequivocal. Leaf litter input during leaf abscis-

sion provides a rich supply of soluble sugars and organic

matter for decomposition (Landh€ausser & Lieffers 2003).

Our initial hypothesis, based on the saprotrophy model,

was that EMF-derived enzyme activity would be signifi-

cantly higher during this period due to loss of photosyn-

thetic leaf area, and subsequent reduced carbon

allocation to root symbionts. However, we found that

activity of most of the EMF-derived enzymes was rela-

tively constant during the season, instead supporting the

nutrient acquisition model.

The potential activities of b-glucuronidase and b-gluco-
sidase were negatively correlated with volumetric soil water

content, a finding that differs from previous work that

found no correlation (Courty, Br�eda & Garbaye 2007;

Herzog et al. 2013). Our findings may indicate that as soil

dries, the rates of enzyme diffusion in the soil decrease,

which may require higher rates of enzyme secretion. On

the other hand, lower soil temperatures in the spring and

fall may inhibit proteolytic activity on enzymes, resulting

in an accumulation of enzymes (Lee et al. 2007; Wallen-

stein, Mcmahon & Schimel 2009).

HOST PHENOLOGY AND NONSTRUCTURAL

CARBOHYDRATES

We predicted enzyme activity of EMF to be explained by

the seasonal changes in root NSC concentrations during

different phenological stages of the host. Host fine root

NSC concentrations were lowest during dormancy and

increased during leaf flush and full leaf expansion while

remaining high during leaf abscission. Although leaf

abscission dramatically decreases photosynthesis, most

NSC accumulation occurred earlier in the growing season,

allowing trees to prepare for dormancy (Chapin, Schulze

& Mooney 1990; Landh€ausser & Lieffers 2003). Though

fine root NSCs were not correlated to activity of most of

the carbon-compound degrading enzymes, changes in root

growth and its effects on NSC storage and demand may

have influenced enzyme activity of EMF. In general, root

growth and root NSC storage are lower in the spring than

later in the season (Gruber, Pirkebner & Oberhuber 2013;

Dang et al. 2014). During dormancy, root NSC storage is

low and frozen soil likely results in low carbon export to

EMF and subsequently higher activity of b-glucuronidase.
During leaf flush, root sugar concentration is higher, but

limited root growth may result in more carbon allocation

to EMF and subsequently lower activity of b-glucuroni-
dase. Higher root growth typically occurs after shoot

expansion and until leaf abscission, creating a higher

demand for NSCs, and subsequently lower carbon alloca-

tion to EMF. This may explain why activity of

b-glucuronidase was slightly higher during these two stages

when compared to leaf flush. On the other hand, we

pooled enzyme activity from the roots of three trees per

stand, while NSCs were only measure on one tree per

stand, a procedure which may have affected our results.

ROOT INVERTASE ACT IV ITY

We predicted root invertase activity to be positively corre-

lated with fine root sugar concentrations. Our results sup-

port this hypothesis and suggest that higher fine root sugar

concentration may translate into higher glucose levels in

the plant–fungus interface. We also predicted host phenol-

ogy to affect root invertase activity and found this to be

true. Although we predicted invertase activity to change

over time, we anticipated levels to be lowest during leaf

abscission and highest during full leaf expansion. Our

results may reflect the host’s investment in EMF even dur-

ing carbon-expensive periods such as leaf flush. This could

benefit the host if EMF nutrient foraging remains high

during this phenological stage (Smith & Read 2008). On

the other hand, bacteria can secrete extracellular invertase

(Parrent et al. 2009) and may have contributed to the val-

ues we observed if they were not effectively removed dur-

ing sample preparation. Additionally, our method of

measuring invertase activity from severed fine roots may

have captured a large portion of intracellular invertases,

which are important for plant growth and development

(Egger & Hampp 1993). If that is the case, high invertase

levels during leaf flush, full leaf expansion and leaf abscis-

sion may not necessarily reflect higher carbon delivery to

fungi. However, if carbon export to EMF is diffusive, our

method would be an accurate proxy for detecting the level

of glucose becoming available in the interfacial apoplast

for EMF uptake.

ECTOMYCORRHIZAL EXPLORAT ION TYPES

The relative abundance of ectomycorrhizal exploration

types varied during the growing season, perhaps as a direct

result of changes in host carbon inputs. The abundance of

distance exploration types was significantly lower during

leaf flush, while there was no change in the abundance of

contact exploration types. Rhizomorphs and emanating

mycelium require a greater carbon investment by the host

than contact exploration types (Agerer 2001). Conse-

quently, during carbon-expensive periods such as leaf

flush, the host may conserve NSCs and in turn allocate less

carbon to distance exploration types, a finding consistent

with defoliation studies (Saikkonen et al. 1999; Saravesi

et al. 2008).

We found exploration type to be a better predictor of

EMF-derived extracellular enzyme activity than host phe-

nological stage. Potential activity of b-glucuronidase was

higher in distance types, a finding consistent with previous

work (Tedersoo et al. 2012). We also found potential

activity of N-acetylglucosaminidase higher in distance

exploration types, suggesting greater chitin-degrading abili-

ties than in contact exploration types. Similarly, Hobbie &

Agerer (2010) found that high-biomass mycorrhizas, that
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is long-distance exploration types, had greater sporocarp
15N enrichment than low-biomass mycorrhizas, perhaps

further demonstrating enhanced nitrogen foraging charac-

teristics of distance exploration types. We found contact

exploration types to have marginally higher potential lac-

case activity than distance exploration types, a finding con-

sistent with previous work (Tedersoo et al. 2012). For

example several Russula species, a contact exploration type

present on our roots, have recorded greater phenol oxidase

(laccase) secretions in similar studies (Luis et al. 2005;

Courty, Franc & Garbaye 2010; Burke, Smemo & Hewins

2014). The higher levels of potential laccase activity in

Russulaceae belonging to contact exploration types gives

them an important role in decomposing phenol–protein
complexes, while the great taxonomic diversity within dis-

tance exploration types may have an important role in

decomposing hemicelluloses and chitin. A diverse set of

exploration types could therefore supply the host with var-

ious specific benefits in nutrient acquisition.

In conclusion, only the potential activity of b-glucuroni-
dase coincided with host phenology, but not in the pattern

we predicted based on the saprotrophy model. Observed

trends warrant further investigation into the biotrophy–
saprotrophy continuum; however, our evidence suggests

that the secretion of carbon-compound degrading enzymes

by EMF is likely driven by nutrient acquisition. The

enzymes we measured may be utilized in tandem by EMF

to break apart organic material in order to acquire nitro-

gen or phosphorus locked within carbon compounds. In

addition, exploration type of EMF determined the poten-

tial activity of b-glucuronidase, N-acetylglucosaminidase

and, to a smaller extent, laccase. Distance exploration

types had higher potential activity of b-glucuronidase and

N-acetylglucosaminidase, while contact exploration types

had marginally higher potential laccase activity. Differ-

ences in potential enzyme activity among contact and dis-

tance exploration types throughout phenological stages

point to unique functional roles which may change season-

ally. These functional roles necessitate further investigation

in order to better predict temporal patterns of carbon and

nutrient cycling in boreal forests.
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