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Thermal pruning was a common pruning method in the past but has

progressively been replaced by mechanical pruning for economic reasons.

Both practices are known to enhance and maintain high yields; however,

thermal pruning was documented to have an additional sanitation e�ect by

reducing weeds and fungal diseases outbreaks. Nevertheless, there is no clear

consensus on the optimal fire intensity required to observe these outcomes.

Furthermore, fire is known to alter the soil microbiome as it impacts the soil

organic layer and chemistry. Thus far, no study has investigated into the e�ect

of thermal pruning intensity on the wild blueberry microbiome in agricultural

settings. This project aimed to document the e�ects of four gradual thermal

pruning intensities on the wild blueberry performance, weeds, diseases, as

well as the rhizosphere fungal and bacterial communities. A field trial was

conducted using a block design where agronomic variables were documented

throughout the 2-year growing period. MiSeq amplicon sequencing was used

to determine the diversity as well as the structure of the bacterial and fungal

communities. Overall, yield, fruit ripeness, and several other agronomical

variables were not significantly impacted by the burning treatments. Soil

phosphorus was the only parameter with a significant albeit temporary

change (1 month after thermal pruning) for soil chemistry. Our results also

showed that bacterial and fungal communities did not significantly change

between burning treatments. The fungal community was dominated by ericoid

mycorrhizal fungi, while the bacterial community was mainly composed of

Acidobacteriales, Isosphaerales, Frankiales, and Rhizobiales. However, burning

at high intensities temporarily reduced Septoria leaf spot disease in the season

following thermal pruning. According to our study, thermal pruning has a

limited short-term influence on the wild blueberry ecosystem but may have

a potential impact on pests (notably Septoria infection), which should be

explored in future studies to determine the burning frequency necessary to

control this disease.
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Introduction

Blueberries are labeled as “functional food,” a group of

products that are supposed to have health benefits in addition

to the nutrients they provide. In the case of blueberries, studies

have shown that their consumption induces positive effects on

cognitive, vascular, and gluco-regulatory functions (Krikorian

et al., 2010; Whyte et al., 2018; Kalt et al., 2020). Blueberries

are among the fruits with the highest content of anthocyanins,

pigments from the flavonoids family, which have antioxidant

properties (Wu et al., 2006; Kalt et al., 2020). These health

benefits may explain why the global demand for blueberries is

increasing worldwide (Brazelton, 2013). To satisfy this increase

in demand, producers are on constant lookout for agricultural

practices that will increase their yield.

Wild blueberries (Vaccinium angustifolium Ait. and V.

myrtilloides Michaux) are cultivated in the east of the

United States (Maine) and Canada (Quebec and Maritimes

provinces) (Yarborough, 2012), in fields where the plants

are native, generally in boreal forests that are cut down

or in abandoned farm fields (Yarborough, 2012). Another

particularity of this crop is its production cycle as producers

have found that pruning wild blueberry after fruit harvesting

maintains a higher yield than if the plants were left unmanaged.

Following harvest, wild blueberry stems are cut just above

the ground level. During the following growing season (the

vegetative stage) new stems emerge from the rhizome, and form

flower buds, but the plant needs another growing season to

produce its fruits. An alternative to mechanical pruning is the

use of fire, termed thermal pruning. This method is thought to

date back from early settlers who observed Native Americans

enhancing blueberry growth by intentionally setting fire to

patches of forests containing native shrubs (Chapeskie, 2001;

Theriault, 2006). Thermal pruning was adopted by blueberry

producers before being gradually replaced by mechanical

pruning due to its lower cost (Lambert, 1990). Despite being

more expensive, thermal pruning has the capacity of reducing

diseases and damage caused by insects (Black, 1963; Blatt

et al., 1989), fungal attacks (Blatt et al., 1989; Lambert, 1990;

Hildebrand et al., 2016), as well as reducing some weed species

(Penney et al., 2008; Smagula et al., 2008;White and Boyd, 2017).

This sanitation effect is not observed when using mechanical

pruning, which only has a stimulating effect on fruit production

(Drummond et al., 2009). Fungal infections, such as monilinia

blight (mummy berry), leaf rust, botrytis blight, or Septoria

and Valdensinia leaf spot diseases, can cause severe production

losses. Therefore, producers apply fungicides in the infected

fields to control and prevent disease propagation (Hildebrand

et al., 2016). Thermal pruning could be an alternative to

fungicides as it significantly reduces some of these diseases.

However, their control can require intense and repeated thermal

pruning (Hildebrand et al., 2016). Regarding weeds, prior

knowledge of the species present in a field is required to decide

whether burning will be effective, as they have varying degrees of

resistance. The first category of wild blueberry weeds, which rely

on their seed bank to propagate or that have shallow perennating

organs, consist of a variety of grasses, such as Danthonia spicata,

Agrostis spp., Festuca filiformis, or moss, such as Lycopodium

spp., Poytricum spp. or Pleuzorium schreberi. These weeds are

more sensitive to thermal pruning and decrease over time

when this practice is employed (Penney et al., 2008). The

second, more problematic category consists of weeds that have

deep rhizomatous and perennating organs, such as Comptonia

peregrina, Kalmia angustifolia, or Cornus canadensis. These

weeds tend not to be negatively impacted by thermal pruning

as it is not intense enough to damage their root system (Penney

et al., 2008). Some even report an increase of abundance in

weeds, such as Cornus canadensis, after thermal pruning (Hoefs

and Shay, 1981; Penney et al., 2008). Furthermore, White and

Boyd have shown that seed viability of three common blueberry

weeds (Tragopogon pratensis, Apocynum androsaemifolium, and

Panicum capillaire) is impacted by the temperature and the

duration of the treatment, having consistent reduction in

germination with temperatures above 200◦C (White and Boyd,

2017). Consequently, even when burning can have a positive

effect, the intensity of the fire needs to reach a certain threshold

in order to witness results.

A detailed investigation on thermal pruning practices

demonstrates that there is no consensus on the method

to use. First, burning may be done using different kinds

of fuels, usually oil (Black, 1963; Smith and Hilton, 1971;

Ismail et al., 1981; Ismail and Hanson, 1982; Warman, 1987),

propane (Hoefs and Shay, 1981), and/or straw (Black, 1963;

Penney et al., 1997). Different fuels have distinct burning

temperatures: wheat straw can burn between 200 and 480◦C

(Wang et al., 2009) when propane can theoretically reach

1,976◦C (adiabatic flame temperature of propane in air, Lide,

2005). Second, fuels can be applied in different quantities

(ex: 21 t/ha of straw in Penney et al., 1997, vs. 4.5 t/ha

in Smith and Hilton, 1971). Third, the season of thermal

pruning can vary, usually occurring either in the late fall (Smith

and Hilton, 1971; Ismail and Hanson, 1982; Smagula et al.,

2008) or early spring (Black, 1963; Hoefs and Shay, 1981;

Ismail et al., 1981; Warman, 1987; Penney et al., 1997). All

of these parameters have a direct effect on burning intensity.

Consequently, without a clear consensus on the method to

use, conclusions drawn from the impact of this practice can

be contradictory. From a production standpoint, the increase

of organic blueberry demand entails a narrower range of

synthetic phytosanitary treatments. Thermal pruning for pest

management could, therefore, be of particular interests for

organic growers. Nevertheless, empirical data are lacking on the

fire intensity necessary to observe improvements in blueberry

production and to determine if the additional cost implied is
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worth the investment. Furthermore, depending on its intensity,

fire can give rise to significant changes in an ecosystem.

Consequently, our study also aimed to verify that thermal

pruning did not induce any undesirable changes in the wild

blueberry habitat.

Like other members of the Ericaceae plant family, wild

blueberries grow naturally in acidic soil, with a pH ranging

between 4 and 6. These soils are characterized by a high

organic matter content, and a low nutrient availability as most

of the nutrients required by the plant are bound to organic

molecules and are, therefore, not in a readily available source.

To prosper in such environments, wild blueberries rely on

their root microorganisms for their growth and development,

especially on ericoid mycorrhizal fungi (Cairney and Meharg,

2003; Mitchell and Gibson, 2006). Some argue that blueberries

are highly dependent on their ericoid symbiotic partnership and

could not efficiently grow without it (Cairney and Burke, 1998).

Ericoidmycorrhizal fungi produce a panoply of enzymes capable

of degrading various organic compounds (Kerley and Read,

1995; Cairney and Burke, 1998; Martino et al., 2018), thereby

releasing unavailable nutrients in the soil. These nutrients are

then transferred to the plant root, which, in turn, provides

photosynthates to the fungi (Pearson and Read, 1973). Bacteria

associated with wild blueberries, or Ericaceae in general, are

much less studied than fungi, but a recent study has shown

that some taxa identified in proximity to wild blueberry roots

are known nitrogen fixers, which could also be beneficial for

blueberries (Morvan et al., 2020). As agricultural practices can

modify the soil microbiome, thermal pruning could disturb the

wild blueberry beneficial microbial communities. Throughout

the literature, the effect of fire on the soil and its microbial

communities remains unclear and variable among studies, with

most of the research focusing on the effect of forest or prairie

fires. Three general effects are usually observed. First, heat

superior to 90◦C can kill most microorganisms, and fire can,

therefore, significantly decrease the biomass of bacteria and

fungi (Neary et al., 1999; Hart et al., 2005; Mataix-Solera

et al., 2009). Second, if the fire is intense enough to cause

significant organic matter combustion, the resulting ash deposit

induces an immediate but brief increase in pH and nutrient

concentration in soil (Mataix-Solera et al., 2009). These changes

will generally favor bacteria over fungi, and bacterial abundance

can even increase compared to unburned soil (Mataix-Solera

et al., 2009). Finally, intense fires can alter the aboveground

plant community, and this turnover will, in turn, impact the

microbiomes in relation with these plants, a phenomenon

known as plant-soil feedback (Bever, 1994; Dangi et al., 2010;

van der Putten et al., 2013). Symbiotic microorganisms could

be particularly vulnerable to the loss of their plant host as

their fitness depends on the symbiosis. However, the range of

changes on microbes caused by fire is highly correlated with

the intensity of the fire in question (Neary et al., 1999; Hart

et al., 2005; Whitman et al., 2019). Compared to forest or

prairie fires, thermal pruning in wild blueberry fields is situated

on the low intensity side of the spectrum. Therefore, findings

drawn from the numerous previous studies on prescribed fires

may not apply to the thermal pruning on wild blueberries.

More precisely, the changes observed on soil chemistry and

microbial communities should be mitigated by the reduced

soil temperature and depth of burn reached during thermal

pruning. Burning has been used in other agricultural practices

that can be more comparable to wild blueberry thermal pruning,

such as post-harvest stubble burning in cotton, sugarcane, rice

(Hardison, 1976), as well as wheat and corn (Acree et al.,

2020). However, comprehensive studies on the effect of these

prescribed fires on soil microbial communities are rare. Acree

et al. (2020) found a significant decrease in abundance of

soil total bacteria, saprotrophic and arbuscular mycorrhizae

fungi 6 h after wheat stubble burning, but a recovery was

observed 7 days after the treatment. However, they did not

measure any changes in soil microbial abundance for corn

stubble burning (Acree et al., 2020). Another study measured

the effect of burning in a wheat-lupin-wheat crop sequence

on soil biological activities (Alvear et al., 2005). They found

a significant increase of urease and dehydrogenase activities

in burnt plots and a decrease in acid phosphomonoesterase,

and β-glucosidase activities. Microbial carbon and nitrogen

were significantly lower in the burnt plots in the 0–200-mm

soil layer, 5 months after the burning had occurred (Alvear

et al., 2005). These studies, therefore, show that burning in

agricultural settings can have effects on the abundance of

the microbial communities, as well as on several biological

activities. However, each agricultural system is unique, and it is,

therefore, difficult to extrapolate on the results obtained in the

cited studies.

The aim of our study was to assess the effects of

three burning intensities on weed coverage, disease incidence,

soil chemistry, and blueberry performance. Furthermore, we

characterized the bacterial and fungal communities of the

rhizospheric soil to evaluate the repercussions of burning

intensity on the microbial community. Our hypotheses were:

(1) an increase in pH and nutrients would be correlated

with the burning intensity; (2) a reduction of weed coverage

and diseases; and (3) that the microbial community would

be altered in diversity and/or composition due to the

burning intensities. To address these hypotheses, we established

an experiment in a random block design in a blueberry

research field where three burning intensity treatments and

an unburned control were applied at the beginning of spring

2018 during the vegetative stage. Agronomic measurements

were taken throughout this year and during the subsequent

harvesting year. Soil samples for microbial characterization

were collected during the harvesting year, at the end of

summer 2019.
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Materials and methods

Experimental design

The experiment took place at the Research and Teaching

Blueberry Field (Bleuetière d’Enseignement et de Recherche)

located in Normandin, Quebec (48◦49’40.2“N; 72◦39’36.9”W)

in the North temperate zone (mean temperature: 0.9◦C,

annual precipitation: 871mm (Government of Canada, 2021).

This blueberry field was established in 2005, and has been

attributed for research purposes since 2016. A weather

station installed in the field allows to monitor several

parameters, such as rainfall and soil temperature. The field

has a history of herbicide use; however, no treatments

(fertilization, herbicides, pesticides) were applied during the

experiment (2018-2019).

The configuration of the experiment followed a randomized

complete block design with 16 2.5-m-by-6-m plots organized

into four blocks separated by 1-m wide strips. Quadrats of 1 m2

were established at the center of the plots, resulting in a distance

of 2.5m between the quadrats (Supplementary Figures 1A,B).

Following a mechanical pruning with a blueberry mower

(model TB-1072, JR Tardif, Rivière-du-Loup, Canada), the

plots were thermally pruned using high-pressure propane

burners towed by a tractor on the 15th of May 2018

(Supplementary Figure 1C). The fire prevention authorities

(SOPFEU) have very strict policies and allow these fire

treatments only during a specific period in order to protect

the nearby forests. The home-made liquid propane burner

included four individual propane burners that were placed

10 cm above the soil surface and which allowed to burn a

2.5-m length.

Thermal pruning was carried out at three different

intensities, with an additional unburned control in each block.

The intensity of the burn corresponds to the speed at which

the tractor moved over each plot. For the lowest intensity, the

speed was set at 1.5 km.h−1, while the speed was reduced to

0.5 km.h−1 and 0.1 km.h−1 for the medium and high intensity,

respectively. Considering net heating value of propane of 47

MJ.kg-1 (Linstrom and Mallard, 2001), this fuel consumption

represented about 6 580 MJ.ha−1 of heat for the lowest intensity

(consumption of about 140 kg of propane per hectare at pressure

of 15 psi and tractor speed of 1.5 km.h−1). At medium and

high intensity, this translates to around 19 740 MJ.ha−1 and

98 700 MJ.ha−1, respectively. Similar to what was found by

Vincent and collaborators who used a similar machinery, soil

temperatures at 1-cm depth increased by <10◦C (Vincent

et al., 2018) (Supplementary Figure 1D). One final note to be

mentioned is that, in our study, the lowest intensity is already

higher than the intensity used by some blueberry producers who

drive at 4.8 km.h−1 (3 miles.h−1), which is more than three

times as fast.

Data acquisition

Weeds, disease, and blueberry coverage and
blueberry biomass

After the thermal pruning was applied, 1-m2 quadrats were

set up randomly inside each of the 16 plots. These quadrats were

used to implement the point interception sampling method: a

quick, low observation bias and a non-destructive method as

described in Lévesque et al. (2018). This method is based on the

use of a 1-m2 stand onto, which a 1-m long aluminum bar, with

10-cm spaced holes, is secured. The operator vertically slides

the rod into the holes and records the identity of the plants the

rod touches, as well as the number of times the rod impacts a

plant before the rod touches the ground. Once the 10 measures

are recorded, the bar slides 10 cm farther along the stand, and

the processed is repeated over for a total of 100 measurements

per quadrat.

This method was used to measure soil, weeds, blueberry

coverage over the pruning year (4 measurements), and one

measurement at the end of the production year. The coverage

is computed using the ratio of the number of intercepts for

soil or any given plant over the total number of intercepts. The

blueberry biomass was estimated using the blueberry coverage

based on the relation found in Lévesque et al. (2018). Blueberry

diseases were also measured using this method by recording the

rod-intercepted blueberry leaf and stems state.

During the experiment, we identified symptoms

corresponding to Septoria leaf spot disease and measured

its prevalence by computing the ratio of impacted blueberry

plant structure intercepts over the total number of blueberry

plant structure intercepts.

The weed species identified in the experiment Cornus

canadensis, Maianthemum canadense, and Gaultheria

procumbens. Specimens of Kalmia angustifolia, Apocynum

androsaemifolium, and Carex sp. were also observed but not

presented in the results as there were too few occurrences for

statistical analysis.

Soil chemical properties

The organic layer thickness, as well as the soil humidity

content, was measured before and after the thermal pruning

had occurred. For the organic layer, 10 pseudo-replicates per

plot were sampled using a soil corer to a depth of 15 cm, which

allowed us to measure organic layer thickness. For soil humidity

content, ProCheck moisture sensors were placed between 0-

and 4-cm depth, and measures were replicated five times for

each plot. Furthermore, soil chemistry was analyzed multiple

times during the experiment: 1 and 4 months after burning, as

well as an additional sampling during the production year on

the 24th of September 2019 to see the effect of burning at a

longer scale. Soil samples were extracted using a soil corer at
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a rate of three pseudo-replicates per plot. The three pseudo-

replicates were pooled into one sample once the organic and

mineral layers were separated in the lab. Both layers were

dried and sieved through a 2-mm mesh. pH was measured

using distilled water at a rate of 1:2 (Hendershot et al., 2007).

Phosphorus, potassium, calcium, andmagnesiumwere extracted

using theMehlich 3 solution (Ziadi and Tran, 2007). Phosphorus

was quantified using colorimetry (Murphy and Riley, 1962),

potassium with flame emission spectrophotometry, while an

atomic absorption spectrophotometer was used for calcium

and magnesium (Perkin Elmer AAnalyst 300, Überlingen,

Germany). Finally, carbon and nitrogen concentrations were

quantified by dry combustion on a LECO instrument with sieved

soil <0.2 mm.

Fruit yield

On the 16th of August 2019, we quantified the blueberry

yield by harvesting the fruits from within a 50-cm-by-50-cm

quadrat in each 16 experimental plots. The number of fruits

in 125-ml volume, as well as their ripeness based on visual

assessment of fruit color, was also measured for each quadrat.

Microbial community analyses

Sampling

For the microbial community analysis, samples were

collected during the harvest year on the 15th and 16th of August

2019. The sampling consisted of two, 10-cm wide, clumps of

organic soil per plot, containing blueberry rhizomes. The two

pseudo-replicates per plot were handled as separate samples

and processed individually onward to evaluate the microbial

homogeneity of the plot. The samples were placed into Ziploc

bags and kept on ice in a cooler until they were placed at

−20◦C. Frozen samples were thawed, and the rhizomes were

then manually extracted from the clump of soil and placed

in separate Ziploc bags. We placed soil aggregates containing

roots that were placed into 50-ml Falcon tubes with a pierced

cap to freeze-dry the samples. The freeze-dried soil samples

were then sieved through 1-mm mesh to remove coarse organic

matter and pebbles. The resulting soil material, hereforth named

rhizospheric soil, contained thin root fragments, as well as

organic matter. The samples were then grounded to homogenize

the material to a fine powder (Supplementary Figure 2).

DNA extraction and PCR amplification

We weighed, 0.25 g of homogenized rhizospheric soil

from each sample for the DNA extraction using the

QIAGEN PowerSoil kit (Qiagen, Toronto, ON), following

the manufacturer’s protocol, with the following modification:

for cell lysis, samples were placed in TissueLyser II (Qiagen,

Toronto, ON) instead of a vortex for 14 cycles of 45 s each

at speed of 4. In addition to the soil samples extractions,

we added a negative control/blank sample by replacing the

0.25 g of soil by 250 µL of autoclaved and filtered water. Two

mock communities, fungal and bacterial, were also included

to be sequenced and act as positive controls. The fungal mock

community was designed by Matthew G. Bakker and contains

19 fungal taxa (Bakker, 2018). In our experiment, we used

the “even community”, containing an equal amount of the

18-s rRNA gene. The bacterial mock community contained

20 species (Supplementary Table 1), with equimolar counts

(106 copies/µL) of 16S rRNA genes (BEI Resources, USA).

DNA extracts were stored at −20◦C until they could be sent to

Genome Québec Innovation Center (Montréal, QC, Canada)

for PCR amplification and amplicon sequencing.

For the bacterial community, we targeted the V3-V4 region

of 16S rDNA with the primers 341(F) and 805(R), resulting in

an expected amplicon size of 464 base-pair long (Mizrahi-Man

et al., 2013). Genome Quebec uses four versions of each primer

(staggered primers) to increase base diversity in the MiSeq

flowcell. For the fungal community, we selected the ITS3KYO(F)

and ITS4(R) primers to target the ITS region located between

the 5.8S and the LSU region of the ribosomal RNA gene (Toju

et al., 2012). The mean amplicon length obtained with this pair

of primers was 327.2 base-pair, but this region is known to have

varying lengths (Toju et al., 2012). Both sets of primers were

coupled to CS1 (forward primers) and CS2 (reverse primers)

tags that allow for barcoding. A second PCR was used to add a

unique barcode per sample, as well as i5 and i7 Illumina adapters,

that bind to the flowcell. Details of the PCR protocols, primers,

and adapters sequences, as well as the thermocycler parameters,

can be found in Supplementary Methods. Sequencing was

conducted on an Illumina MiSeq using a paired-end 2-x-300

base-pair method (Illumina, San Diego, CA, USA).

Sequencing data processing

The sequences from the 16S and ITS MiSeq data were

downloaded from Genome Québec’s platform and checked

using the MD5 checksum protocol. We inferred sequence

variants from the sequence data using the DADA2 pipeline

(Callahan et al., 2016a) in R (R Core Team, 2021). Contrary

to the commonly used 97% OTU clustering pipelines, DADA2

provides single-nucleotide resolution of amplicons, which helps

to identify chimeras and reduces the rate of false positives

(Callahan et al., 2016a). Furthermore, the amplicon sequence

variants (ASVs) obtained with DADA2 are not clustered

together to a given threshold of similarity and are, therefore,

comparable between independent studies, contrary to 97%

OTUs as the clustering depend on the dataset analyzed. We

processed the mock communities on their own to avoid any

influence of our samples on the inferred mock ASVs.
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For the fungal dataset, as the ITS region can vary drastically

in length, we followed the DADA2 ITS Pipeline workflow. The

first step of the pipeline consists in using cutadapt (Martin,

2011) in order to remove the primers and their reverse

complements by indicating the primers’ nucleotide sequences.

Once the primers removed with cutadapt, we proceeded with

the filtering step using maxEE(2,2) and minLen(50), which

removes sequences that are shorter than 50-nucleotides long.

Regarding the bacterial dataset, as staggered primers were used,

we followed a similar pipeline as the one used for the fungal

dataset relying on cutadapt to remove the different versions

of the primers. For the filtering step, we set truncLen to

(270, 240) and maxEE (2, 2) based on a visual assessment

of the quality profiles. After the different filtering steps, both

bacterial and fungal datasets followed the same pipeline that

used the default settings except those mentioned hereafter. In

the learning error rates step, we used randomize = TRUE;

in the sample inference step, we used “pseudo” as a pooling

method and, accordingly, the “pooled” method for the bimera

removal step. To add a taxonomy assignment to our inferred

ASVs, we used the implemented naïve Bayesian RDP classifier

with the assignTaxonomy() function. For the bacterial dataset,

we used the SILVA reference database and two UNITE databases

for the ITS sequences. Based on the taxonomy obtained,

we removed non-bacterial ASVs, as well as ASVs that were

annotated as chloroplast and mitochondria in the 16S dataset.

The UNITE fungal reference database resulted in every ASVs

to be labeled as Fungi, but many sequences did not have an

assigned Phylum. We compared this taxonomic assignment

to a second one obtained by using the UNITE’s eukaryotic

reference database. Most of the unknown phyla fungi were

labeled as non-fungal when using the eukaryotic reference

database and were, therefore, removed in the ITS dataset. We

then proceeded to further refine our datasets by removing

singletons and doubletons (ASVs with a total abundance of 1 or

2) as they may be sequencing artifacts. Details of sequence data

processing and mock community analyses can be found in the

Supplementary Information.

Statistical analyses

All analyses were performed in R version 4.1.1 (R Core

Team, 2021), and figures were generated using the ggPlot2 R

package (Wickham, 2016).

Soil and agricultural data

To test the effect of burning intensity on soil and

agricultural data, we used either linear mixed models or

generalized linear mixed-effects models. For data with a unique

sampling date (blueberry performance apart from biomass),

we computed linear mixed models (LMM), with blocks as

random effects, followed by ANOVA tests to detect statistical

differences between burning intensities. We used the lmerTest

R package (Kuznetsova et al., 2017), which implements a Type

III ANOVA using the Satterthwaite’s method. For data with

multiple sampling dates (weeds, disease, or soil chemistry), we

either used LMM or generalized linear mixed-effects models

(GLMM) using the glmer() function of lme4 R package (Bates

et al., 2015). The choice of the model depended on data

distribution, and appropriate transformations (arcsin, log or

square-root for LMM) or regression (Poisson for GLMM)

were employed. Burning intensity, date, and the interaction

between the two were set to be the fixed effects, and both

experimental blocks and plots were set as random effects, with

the plots nested in the experimental blocks. For the GLMM,

we used the ANOVA() function of the car R package (Fox

and Weisberg, 2019) to perform a Type 3 Wald chi-square

test. When the tests showed a moderate evidence of an effect

(P < 0.05) of burning intensity or the interaction of burning

intensity on the variable of interest, we reiterated the models

for each individual date and removed the date for the fixed

factors and the plot from the random factors and checked for

significant differences between treatments using the post hoc

Tukey tests.

Microbial data

To check if our sequencing depth captured most of the

bacterial and fungal communities, we generated rarefaction

curves using the rarecurve() function of the vegan R

package (Oksanen et al., 2020) (Supplementary Figure 3).

We used phyloseq (McMurdie and Holmes, 2013) to

facilitate data handling and to generate alpha diversity

and beta diversity plots. We used Metacoder (Foster et al.,

2017) for a more thorough analysis of the taxonomy

of each dataset by plotting the ASV number and the

relative abundance per taxa up to the genus level using

the heat_tree() function.

Phylogenetic trees

To take into account the phylogenetic distance between

the inferred ASVs and use Unifrac distances, we built

phylogenetic trees following the method used in Callahan

et al. (2016b). First, a sequence alignment was generated

using AlignSeqs() from DECIPHER (Wright, 2016). We then

used the phangorn package (Schliep, 2011) to compute a

distance matrix under a JC69 substitution model using dist.ml().

A neighbor-joining tree was then assembled onto which

we fitted a generalized time reversible with the Gamma

rate variation (GTR + G + I) model using optim.pml().

The resulting trees were then added to their respective

phyloseq objects.
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Pseudo-replicate similarity and beta diversity

To compare the microbial communities in the pseudo-

replicates (two samples originating from the same plot),

we relied on a beta diversity analysis using four different

dissimilarity metrics. First, to take into account the

compositional aspect of sequencing data, we used the Aitchison

distance (Quinn et al., 2018). Second, we used the Hellinger

distance as its traditionally used in ecology (Legendre and

Gallagher, 2001), and, finally, we used the unweighted and

weighted Unifrac distance to account for the phylogenetic

resemblance of the communities. Ordinations allowed to

visualize the pseudo-replicates community resemblance using

principal components or principal coordinates analyses (PCA

or PCoA). The pseudo-replicates were merged together after

this analysis by summing their sequence abundance using

merge_samples() from phyloseq. We then proceeded to the

same analyses to estimate the similarity between the microbial

communities originating from different burning treatments. To

test the significance of the differences observed, we used vegan’s

adonis2() function with 999 permutations, taking into account

the experimental blocks. The homogeneity of dispersion

assumption was checked using betadisper() and permutest()

both in the vegan R package (Oksanen et al., 2020).

Alpha diversity

The Simpson and Shannon-Weaver alpha diversity indices

were computed using the plot_richness() function of phyloseq.

Both alpha diversity analyses were determined with and without

rarefaction using rarefy_even_depth() as sequence abundance

can impact alpha diversity measures. Statistical differences

between different burning intensities were checked using one-

way ANOVA’s in a similar fashion than for soil and agricultural

data (see above).

Core microbiota

To detect the shared and unique ASVs of each thermal

treatment, we used ps_venn() from the MicEco R package

(Russel, 2021). It allowed us to plot both the ASV number and

the relative abundance that they represent in the datasets.

Representative taxa

Metacoder was used as a finer approach than the beta

diversity analysis to detect significant differences in each

taxonomic rank between the burning intensities (Foster

et al., 2017). The compare_groups() function was used

after quantifying the per-taxon relative abundance using

calc_taxon_abund(). This function computes a non-parametric

Wilcoxon Rank Sum test to detect differences in taxon

abundance in different treatments. In order to take into account

the multiple comparisons, we corrected the P-values of the

Wilcoxon Rank Sum test with false discovery rate (FDR)

correction using the p.adjust() function of the stats R package

(R Core Team, 2021). After setting a threshold of 0.05 for

the P-value, we used the heat_tree_matrix() to plot statistically

different taxa base on their abundance using the log2 ratio of

median proportions.

Additionally, we used DESeq2 to identify differentially

abundant ASVs between two groups of samples (Love et al.,

2014). In our case, we used the entire datasets for the analysis

but chose to only present the comparison of the negative control

to the highest burning intensity as the difference in treatment

between the two conditions is maximized and so is the potential

effect of burning. We agglomerated the ASVs at the species

level prior to the analysis (see indicative species analysis for

more details). As sequencing data are known to be sparse, some

ASVs can be absent in one of the conditions. DESeq2 calculates a

log 2-fold ratio by considering that the absence of the ASV is due

to non-detection and spikes the data to allow the computation

of the log 2-fold ratio. However, it is impossible to know with

certainty if the absence is biologically supported (in which case,

the log 2-fold ratio has no meaning) or if it us due to a lack of

detection. Therefore, in the case where an ASV was absent from

one condition, the computed log 2-fold ratio value was changed

to “– INF” or “+ INF,” depending on which condition the ASV

was absent from. To increase our confidence in the taxa found

in this analysis, we present only the significant taxa that were

present in at least three of the four replicates of a condition.

We also proceeded with an indicative species analysis, which is

presented in the Supplementary Information.

Accession numbers

Raw sequences have been deposited in the GenBank SRA

database under the accession No. PRJNA803472.

Results

E�ects of burning intensities on
blueberry’s agronomic variables

Blueberry performance

Burning delays the vegetative recovery in spring with a

significantly reduced blueberry coverage for the three burning

treatments compared to the control (Figure 1A). As blueberry

biomass is derived from the blueberry coverage determined

using the point intercept method, we also observed a similar

significant difference in blueberry biomass between the burning

treatments and the control (Figure 1B). However, this difference

subsided quickly in the next acquisition date, and both
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FIGURE 1

Blueberry coverage and biomass production over time. Mean value is indicated with a black-circled dot. (A) Wild blueberry coverage. (B) Wild

blueberry biomass production computed using the relation found by Lévesque et al. (2018). Significant di�erence in each sampling date is

indicated by letters according to post hoc Tukey tests.

blueberry coverage and biomass of the four treatments remained

homogenous throughout the rest of the experiment (Figure 1).

The high disparity between the replicates, especially in the

unburned control, did not allow us to establish an effect of

burning on shoot density (P = 0.2619), which varied between

322 per 1 m2 for the control and 450. stems per 1 m2 for

the medium intensity treatment. Similarly, for shoot growth, a

high variability in replicates of the unburned control prevented

to find a significant effect of burning on shoot growth (P =

0.6412), although it tended to increase with burning with a

mean length of 20.7 cm for unburned controls compared to

23.2, 23.5, and 23.7 cm at low, medium, and high burning

intensities, respectively.

The range of blueberry yields observed in a given treatment

was too disparate to observe an effect of burning intensity

(P = 0.9516). Blueberry yields were higher for the control

than for the different burn treatments with 2.750 T.ha−1

vs. 2.100, 2.275, and 2.325 T.ha−1 in order of increasing

burning intensity.

Burning intensities did not increase the proportion of

ripe fruits, as determined by the ANOVA test (P = 0.2112).

Unburned control had 77.9% of the ripe fruits compared to

63.8% for the low-intensity burn treatment, while 55.5% and

55.9% of the fruits were ripe in the medium and high-intensity

treatments, respectively. Burning had no effect on the average

weight of fresh ripe fruits (P = 0.1704), which was similar for

the unburned control (0.283 g/125ml) and medium- and high-

intensity treatments (0.288 g/125ml for both) but was lower for

low-intensity burn (0.240 g/125 ml).

Weeds and disease

Cornus canadensis was, by far, the most common and

dominant weed species recorded, with a peak abundance in

August 2018 (3months after burning) when its coverage reached

an average of 31.2% of the plots surface in the unburned

controls. Although burning tends to decrease C. canadensis

presence, the results were not statistically significant due to
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high variabilities (P = 0.3499). In low-intensity treatment, C.

canadensis coverage was 15.2%, and 3.1% in medium, and 5.7%

in high-intensity treatments. The date had a significant effect

(P = 1.226e-08), but the interaction between burning and the

date was not significant (P= 0.5907) (Figure 2A). Regarding the

other two weed species found, burning did not have an effect

on Maianthemum canadense (P = 0.8208) nor on Gaultheria

procumbens (P = 0.9730) (Data not shown).

We did not test the effect of burning on the other weed

species found as they were too sparse in our sampling. Instead,

we summed the coverage of all the weeds species recorded to

test the effect of burning on total weed coverage. The ANOVA

(Type 3 Wald chi-square) test showed strong evidence of an

interaction between the sampling date and burning intensity

(P = 1.031e-06). The post hoc Tukey tests identified statistical

differences between the unburned control and the medium and

high burning intensities for four out of the five sampling dates.

The low-burning intensity also significantly reduced the total

weed coverage compared to the unburned control in the last

3 sampling dates but to a lesser extent than the more intense

burning intensities (Figure 2B).

The Septoria leaf spot was the only disease detected with

recognized symptoms. We found a significant decrease (P =

0.0204) of around 23% of Septoria leaf spot disease between the

unburned control (mean coverage of 81.4%) and the highest

intensity burn treatment (mean coverage of 62.9%), 3 months

after the burning treatment had occurred (Figure 3). This

difference did was not maintained as we did not find any

significant difference between treatments at the subsequent date

of sampling.

Soil chemistry

Burning had no significant effect on either organic layer

thickness or its humidity content (Supplementary Figure 4).

Similarly, we did not find any significant effect of burning

on soil pH, which ranged from 3.9 to 4.8 in the organic

layer and from 4.6 to 5.1 in the mineral layer, depending

on the date of sampling (Supplementary Figure 5). The total

carbon did not vary significantly due to burning neither in

the organic nor in the mineral soil layer. As expected, the

organic layer contained a higher carbon fraction, ranging from

10 to 25% in the organic layer and from 0.85% to 1.1% in

the mineral layer (Supplementary Figure 6). Regarding the total

soil nitrogen, we did not observe any effect of burning for

both soil layers. In the organic layer, the nitrogen content

was highest in June 2018 and lowest in September 2018

(0.83% and 0.32%), while, in the mineral layer, it peaked at

0.048% in September 2018 and was the lowest in September

2019, with an average of 0.02% (Supplementary Figure 7). For

phosphorus (P) soil content in the organic layer (Figure 4A),

we observed that burning significantly influenced P content

between the highest burning intensity (59.9mg.kg−1) and the

lowest intensity and unburned treatments (44.7mg.kg−1 and

44. mg.kg−1, respectively), in June 2018 (P = 0.001785). A

general trend can be seen as an increased intensity of burning

tends to correlate with a higher P content in the organic

layer. In the mineral layer, however, we did not observe any

change in P content (ranging from 9.6 to 17.7mg.kg−1) due to

burning intensity (Figure 4B). For potassium, magnesium, and

calcium, we obtained a significant difference between the low-

intensity treatment and the control for the last sampling date

(Supplementary Figures 8–10). For magnesium and calcium, we

also obtained a significant difference in the mineral layer for this

date (Supplementary Figures 9, 10). However, we do not observe

any significant differences for the two other dates nor for the

more intense thermal intensities. In the organic layer, potassium

ranges from 145mg.kg−1 to 394mg.kg−1, depending on the

sampling date, while ranging from 4.8mg.kg−1 to 24.1mg.kg−1

in the mineral layer (Supplementary Figure 8). Magnesium

concentrations were found to be lower in September 2019 and

highest in June 2018, with 109mg.kg−1 and 319.5mg.kg−1

in the organic layer and 3.5mg.kg−1 and 7.7mg.kg−1 in the

mineral layer (Supplementary Figure 9). Finally, calcium ranged

from 820.7mg.kg−1 to 2525.3mg.kg−1 in the organic layer

and from 10.1mg.kg−1 to 48.2mg.kg−1 in the mineral layer

(Supplementary Figure 10).

Microbial communities

Taxonomic diversity of fungal and bacterial
communities

From the ITS dataset, Figure 5 shows a dominance

of Ascomycota (P)—Helotiales (O), both in terms of

relative abundance (46.8%) and ASV numbers (244). Two

Helotiales species particularly stand out: Pezoloma ericae

and Oidiodendron maius, represented by 25 and 15 ASVs,

respectively, and totaling 12.8% and 9% in terms of relative

abundance (RA). Chaetothyriales is the second predominant

order belonging to Ascomycota; most of its ASVs belonged

to the Herpotrichiellaceae family (32 ASVs, 27% RA). In the

Basidiomycota, the Agaricales order stands out, with 61 ASVs

but only 5.7% RA; Clavaria sphagnicola represented most of this

relative abundance (3.8% RA dispatched into 9 ASVs).

For the bacterial dataset, the predominant taxa were

Actinobacteriota (33% RA, 705 ASVs), Acidobacteriota (22%

RA, 518 ASVs), Pseudomonadota (formally Proteobacteria)

(18.9% RA, 768 ASVs), and Planctomycetota (18.4% RA, 798

ASVs) (Figure 6). The Frankiales order was preponderant in

the Actinobacteriota, with 14% RA and 175 ASVs mainly

assigned to the Acidothermus genus (12.9% RA, 134 ASVs).

The Acidobacteriota was dominated by Acidobacteriales order

(12.5% RA, 236 ASVs). In the Pseudomonadota phylum, the

Rhizobiales order (10.4% RA, 150 ASVs) was preponderant,

which, in turn, was dominated by the Roseiarcus genus (2.5%
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FIGURE 2

Weed coverage over time. Mean value is indicated with a black-circled dot. (A) Cornus canadensis coverage. (B) Total weed coverage (pooled

coverage of all the weed species observations). Significant di�erence in each sampling date is indicated by letters according to post hoc Tukey

tests.

RA, 31 ASVs). Finally, for Planctomycetota, the Isosphaerales

order dominated by RA but not in terms of ASV richness (12.4%

RA, 209 ASVs), as the Gemmatales order contained 304 ASVs

but 2.7% in RA. The most abundant Isosphaerales belonged to

the Aquispharea genus (10.1% RA, 81 ASVs).

Bacterial and fungal core microbiomes

Less than a third of the fungal ASVs (28.9%) are shared by

all burning treatments, but they represent most of the data, with

81% RA. Each treatment had unique ASVs, ranging from 69

for the low-intensity burn to 144 for the unburned treatment;

however, taken together, these unique ASVs represented a

low RA in the fungal community (Supplementary Figure 11A).

Among bacteria, 44.6% of the ASVs were found in all of the

treatments and represented 95% of the RA. The unique ASVs in

each treatment ranged from 294 to 522 but had a low abundance

as their sum did not exceed 1% in terms of relative abundance

(Supplementary Figure 11B).

Pseudoreplicate similarity

The resulting ordinations based on different dissimilarity

metrics show a certain heterogeneity in both the fungal and

bacterial communities, as pseudo-replicates originating from

the same plot do not group close together in the ordination

(Supplementary Figures 12A,B).

E�ect of burning intensity on the
microbial communities

Alpha diversity

There was no evidence that burning affected the fungal

community (Shannon, P = 0.473, Simpson, P = 0.698). The

assumptions were satisfied for all ANOVA’s, except for the

heterogeneity of variances in the Simpson’s measures. For

both diversity metrics, the dispersion in each treatment was

quite large, especially for the low-burning intensity treatment,

where Plot 7 had a lower alpha diversity than the rest of the
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FIGURE 3

Septoria leaf spot disease incidence over time. Mean value is indicated with a black-circled dot. Significant di�erence in each sampling date is

indicated by letters according to post hoc Tukey tests.

plots belonging to this treatment (Supplementary Figure 13A).

Similarly, no significant effect of burning intensity was found

for the bacterial community diversity (Shannon, P = 0.194,

Simpson, P= 0.196), with a tendency for a higher alpha diversity

for the unburned control (Supplementary Figure 13B). Overall,

the fungal alpha diversity indices were lower than the bacterial

indices. Furthermore, rarefying the sequence abundance to an

even depth did not change the tendencies observed nor the

outcome of the statistical tests (data not shown).

Beta diversity

We used four different metrics (Aitchison, Hellinger,

unweighted and weighted Unifrac) to visualize and test the effect

of burning intensities on microbial community compositions

using ordinations and PERMANOVAs. For the ITS dataset, the

visualization of the Aitchison PCA and the unweighted Unifrac

PCoA showed a separation of the unburned plots and the

intensely burned plots (Figures 7A,B). However, regardless of

the distance used, we found no evidence of the effect of burning

intensity in shaping the fungal community composition when

using PERMANOVA tests (P > 0.05). Finally, for each of the

four distance metrics used, the variance in terms of community

composition explained by burning intensity was around 20%.

For the bacterial community, we also observed a separation

of the unburned plots and the high-intensity burned plots in

the Aitchison PCA, unweighted Unifrac PCoA (Figures 7C,D),

as well as in the Hellinger PCA (data not shown). However,

as for the fungal community, we did not find any statistical

evidence of the effect of burning on shaping the bacterial

community (P > 0.05). The variance explained by burning

intensity was also around 20% for the four metrics computed

for the bacterial dataset.

Representative ASVs

Although the beta diversity and PERMANOVAs indicated

no significant differences in either the fungal or bacterial

communities between each burning treatment, we looked at a

finer level in order to detect ASVs that could be representative

of a specific burn treatment. First, the differential heat tree

plot showed no significant difference in the log 2-fold ratio of

ASVs regrouped based on their taxonomy (FDR P > 0.05).

The indicative species analysis using ASVs agglomerated at the

species level found no evidence for indicative ASVs (FDR P

> 0.05) whether without or with relevant site combinations.

Finally, the DESeq 2 analysis on the species level agglomerated

ASVs (used to detect differential abundance between the highest

burning intensity and the negative control) identified, with

moderate evidence, six fungal ASVs but no bacterial ASVs

impacted by burning intensity (FDR P < 0.05). Half of these

fungal ASVs were absent from the other condition, the other
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FIGURE 4

Phosphorus concentration in soil over time. Significant di�erence in each sampling date is indicated by letters according to post hoc Tukey tests.

Mean value is indicated a black-circled dot. (A) Phosphorus concentration in the organic layer. (B) Phosphorus concentration in the mineral layer.

three being present in both treatments: two taxa belonging to the

Coniochaeta genus were more abundant in the highest burning

treatment, and one Pseudoanungitea sp. was more abundant in

the negative control treatment (Supplementary Figure 14).

Discussion

Thermal pruning had no significant
impact on blueberry performance or
agronomic variables, even at the highest
intensities

Thermal pruning had a negative effect on wild blueberry

spring vegetative recovery with significantly lower coverage

and biomass for the three burning intensities compared to the

unburned control. However, the difference disappeared over

time, and all treatments had similar coverage and biomass

during the rest of the experiment. Thermal pruning did not

significantly impact stem density and growth, although we

did see a slight increase in both variables, with increasing

burning intensity. Additionally, fruit yield and ripeness were

not significantly different when comparing treatments. Finally,

we did not observe any trend in the weight of ripe fruits.

Overall, these results indicate that wild blueberry recovers from

thermal pruning very well. This was expected as wild blueberries

populations are known to thrive after forest fires (Chapeskie,

2001; Wood, 2004). Furthermore, studies have shown that

the use of thermal pruning in wild blueberry agricultural

settings has promoted yields (Smith and Hilton, 1971; Warman,

1987; Penney et al., 1997). In our study, we do not measure

any significant difference in blueberry performance during

the harvesting year (yield, ripe fruit weight, blueberry shrub

biomass) when we compared the three treatments (thermal

pruning after mechanical pruning) to the control, which was

only mechanically pruned. Therefore, burning did not appear to

contribute to a direct promotion of blueberry performance that

mechanical pruning did not already provide. In fact, Smith and
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FIGURE 5

A taxonomy overview of the fungal community. This figure displays all of the fungal ASVs, which were assigned to a taxonomic level [ASVs not

assigned at a particular taxonomic level (NAs) are not shown]. The color of the edges and nodes indicates the number of ASVs found at a given

taxonomic level, with darker color indicating more ASVs and lighter colors indicating fewer ASVs. The size of the edges and nodes indicates the

relative abundance of the ASVs assigned to a particular taxonomic level with wider edges/nodes, indicating a high relative abundance and

narrower edges/nodes, indicating a low relative abundance.

Hilton argued that the increased yield observed in their study,

comparing thermal pruning to mechanical pruning, originated

from the nutrients released from straw ash deposition (Smith

and Hilton, 1971).

Thermal pruning has a temporary
phytosanitation e�ect on Septoria leaf
spot disease, but this e�ect is unclear on
weeds

Due to the high discrepancy in the control replicates,

which likely leads to a lack of statistical difference with the

other burning treatments, the reduction of Cornus canadensis

incidence observed must be taken with caution. The other

two recorded weed species (Maianthemum canadense and

Gaultheria procumbens) do not seem to have been affected

by thermal pruning. When all weed species were pooled

together, we did observe a significant difference between the

unburned control and the burning treatments. However, the

total weed coverage trend closely followed the C. canadensis

trend as it was the predominant weed species in our plots.

Although the experiment followed a random block design,

there is a chance that the weed population density was

disparate between the treatments, as we have no data on the

preexisting C. canadensis population in our plots. Additionally,
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FIGURE 6

A taxonomy overview of the bacterial community. This figure displays all of the bacterial ASVs, which were assigned to a taxonomic level [ASVs

not assigned at a particular taxonomic level (NAs) are not shown]. The color of the edges and nodes indicates the number of ASVs found at a

given taxonomic level, with darker color indicating more ASVs and lighter colors indicating fewer ASVs. The size of the edges and nodes

indicates the relative abundance of the ASVs assigned to a particular taxonomic level, with wider edges/nodes indicating a high relative

abundance and narrower edges/nodes indicating a low relative abundance.

C. canadensis, M. canadense, and G. procumbens, like wild

blueberries, are rhizomatous plants that primarily spread via

their rhizome growth rather than by seed germination (Lee,

2004; Moola and Vasseur, 2009). As the highest intensity

burn only increased the temperature by 4◦C at a depth of

1 cm (Supplementary Figure 1D), the majority of the rhizomes

should have been left intact. Thus, we would expect these

weed species to be largely resistant to our thermal pruning

treatments, depending on how deep their rhizomes are (Flinn

and Wein, 1977; Penney et al., 2008). Finally, our results are

in disagreement with previous studies, which report either no

impact or a positive effect of thermal pruning on C. canadensis

(Hoefs and Shay, 1981; Penney et al., 2008). Therefore, we

suggest thermal pruning would not explain why we observed a

decrease in weed coverage due to burning intensity. Accordingly,

we cannot draw conclusions on the effect of burning on

the weed species we observed in our experiment, and this

non-significant reduction in C. canadensis coverage should

be investigated in-depth for validation. C. canadensis can be

highly competitive in wild blueberry farms (Hall and Sibley,

1976; Yarborough and Bhowmik, 1993); therefore, if thermal

pruning does reduce its population, this practice offers a

great solution for organic producers, who are not allowed to

use herbicides.
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FIGURE 7

Beta diversity ordinations of the fungal and bacterial communities. (A,B) represent principal component analysis (PCA) and principal coordinate

analysis (PCoA) ordinations of the fungal community using the Aitchison distance (Euclidean distance on centered-log ration transformed

abundances and the unweighted Unifrac distance based on phylogeny dissimilarity, respectively. (C,D) represent the same ordinations but of the

bacterial community.

Septoria leaf spot disease (Septoria LSD) causes a premature

leaf drop, which can result in a loss of crop yield. We only

observe a decrease of its incidence (negatively correlated with

burning intensity) during the vegetative summer (3 months

after the thermal pruning), with a significant difference between

our negative control and the high-intensity burn. However, this

significant change in occurrence did not translate to reduced

yield for our negative control. Septoria sp. propagates through

spores produced on pycnidia that develop on pre-infected dead

leaves from the soil litter (Hildebrand et al., 2016). We can

hypothesize that burning diminished the number of viable

spores, thus reducing the disease propagation (Hardison, 1976;

Hildebrand et al., 2016). However, we still witnessed a high

coverage of this disease with a mean incidence of 62.9%

even for the high-intensity burn. Furthermore, there was no

significant difference during the harvesting year where the

burning treatments actually had higher Septoria LSD coverage

than the negative control. This can be explained by the fact that

plots were located close to each other, and there were no means

to prevent the spores arising from the more infested unburned

control to contaminate the less-infected high-intensity burned

plots. Interestingly, we did not capture any Septoria sp. in

the fungal rhizosphere community even though Septoria LSD

symptoms were detected in our plots. As plant litter was

excluded from our soil sampling for DNA sequencing, this could

explain why we did not capture any Septoria sp. DNA sequence.

Thermal pruning increased soil
phosphorus content but did not
significantly influence other elements

Overall, soil chemistry was not impacted by the burning

treatments regardless of the burning intensity used. Apart

from the phosphorus content, which increased significantly

with burning intensity in the organic layer 1 month after the

treatment, there was no clear effect of thermal pruning on the

rest of the elements measured (C, N, K, Mg, and Ca) nor on
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soil pH. Previous studies on wild blueberry thermal pruning

have shown that there was an increase in pH, phosphorus, and

potassium, following the burning treatment when straw was

added (Smith and Hilton, 1971). An increase in calcium and

phosphorus in the organic soil layer was also observed in an

experiment using a propane burner (Hoefs and Shay, 1981).

However, these changes in nutrient content resulted from the

combustion of organic matter, which was very limited in our

plots. For instance, contrary to Smith and Hilton, we did not

witness any ash deposit after the burning treatments, suggesting

that combustion in our experiment was low (Smith and Hilton,

1971).

Rhizosphere bacterial and fungal
communities were homogenous
throughout the thermal pruning
treatments, more than a year after the
burning treatment

The alpha diversity analyses showed no significant difference

between the burning intensities treatments either for bacterial or

fungal communities. The alpha diversity indices were higher for

bacteria than for fungi, with a mean range of 6.35–6.5 vs. 3.1–

3.7 for the Shannon-Weaver Index and 0.996–0.997 vs. 0.89–0.95

for the Simpson reciprocal index. This difference is common, as

alpha diversity indices rely on richness and evenness and that

bacteria communities are commonly richer than fungi in soil,

even though a low soil pH tends to generally decrease bacterial

diversity (Fierer and Jackson, 2006; Rousk et al., 2010).

We obtained a similar outcome with our beta diversity

analyses, regardless of the distance metric used. Furthermore,

the DESeq2 analysis, which aimed at detecting ASVs that were

differentially abundant between the negative control and the

high-intensity burning treatment, only identified six fungal taxa,

two of which were exclusive to the control (Mycena sp. and

an unknown genus) and one of which was exclusive to the

high-intensity burning treatment (Lachnum sp.). The other

three ASVs represented a very small portion of the relative

abundance (RA), with 0.14% RA for Pseudoanungitea sp, 0.25%

RA for Coniochaeta boothii, and 1.35% RA for Coniochaeta sp.

Therefore, their differential abundance between the negative

and most extreme treatment does not induce a significant shift

in community diversity. The two Coniochaeta sp. ASVs were

more abundant in the high-intensity burn, which could be

explained by the fact that this genus contains “fire-induced”

species (Wicklow, 1975). The Pseudoanungitea genus (more

abundant in the control) was described in 2018, and one species

(P. vacinii) was isolated from the stem of Vaccinium myrtillus,

a closely related plant from wild blueberry (Crous et al., 2018).

Most of Pseudoanungitea are saprotrophic (Shen et al., 2020),

but a sensitivity to fire has not been documented.

A shortfall of our study is that we sequenced the microbial

communities more than a year after (∼15 months) the burning

treatments were performed, which precluded us from detecting

an immediate shift in microbial communities. Wild blueberry

generally grows in soil with low-nutrient availability, and the

plants must rely on their microbial communities, especially

on ericoid mycorrhizal fungi, to uptake sufficient amounts of

nutrients (Cairney and Meharg, 2003). Although wild blueberry

rhizomes act as a nutrient source during growth, Grelet and

collaborators showed that Vaccinium sp. do need exogenous

nitrogen during the harvesting year, and cannot solely rely on

its nutrient reserve (Grelet et al., 2001). Therefore, we chose to

sequence the communities present at the end of the production

cycle, at the time of harvest. Ideally, we would have sequenced

before the burning treatment and throughout the two growing

seasons to have a thorough analysis of the impact of thermal

pruning on bacterial and fungal communities. Our study cannot

confirm that thermal pruning used at these intensities did not

impact these fungal and bacterial communities, as there is a

possibility that the communities are resilient and recovered from

the initial disturbance caused by thermal pruning. Moreover,

we believe that, if there was an initial disturbance, it would

have been very mild, such as observed for soil phosphorus

content. Our results show that there was a very limited impact

of burning on soil pH and nutrient content. In addition, the

highest fire intensity was not sufficient enough to cause a

reduction in the organic layer depth or its humidity. Studies

observing shifts in microbial communities after fires also see

changes in soil chemistry, humidity, and temperature, as well

as a shift in the plant community (Hart et al., 2005; Dooley

and Treseder, 2011; Dove and Hart, 2017; Whitman et al.,

2019). However, in our study, thermal pruning is not inducing

plant succession comparable to intense forest fires. Finally, the

temperature at 1-cm depth increased only by 4◦C with the

highest intensity (Supplementary Figure 1D), while increasing

as high as 80◦C at the surface (data not shown). Although

a good proportion of microbes at the surface may have been

killed, the temperature in the soil did not rise high enough to

cause a high mortality in the rhizosphere microbiome (Neary

et al., 1999). Consequently, we can either hypothesize that

thermal pruning in our study did not impact fungal and bacterial

rhizosphere communities of wild blueberries or, if it did, we

can affirm that both communities are resilient 15 months

after burning.

Despite the fact that some plots were devoid ofC. canadensis,

while others were highly covered by the weed, we did not observe

any significant change in the wild blueberry rhizosphere fungal

and bacterial community. Although we took care sample wild

blueberry rhizosphere for DNA extraction, it is not possible

to exclude all weed roots during the sample preparation.

Nonetheless, we were surprised to see a lack of difference in

the microbial communities since weeds act as additional hosts

for microbes and can, therefore, alter the microbial community
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(Schlatter et al., 2015). Nevertheless, de Vries and collaborators

have argued that plant traits and edaphic conditions also have

strong impacts on shaping the microbial community (de Vries

et al., 2012). Soil pH, in particular, exerts a high selection

pressure on the microbial communities (Fierer and Jackson,

2006; Rousk et al., 2010; de Vries et al., 2012).

The pseudo-replicate similarity analysis is interesting as

we could have expected that fungal and bacterial communities

samples from the same plot, sampled a dozen of centimeters

apart, would be more similar than to the other samples.

However, this is not what we have observed with our

beta-diversity analyses ordinations, either relying solely on

phylogenetic distance (unweighted Unifrac distance) or by

sequence abundance (Aitchison distance). In both cases, the

samples taken from the same plot do not group closer to each

other than two other samples (Supplementary Figure 12). These

results reinforce the fact that bacterial and fungal communities

show a high diversity at small scales (Bach et al., 2018; Smercina

et al., 2021) and that scientists should consider composite

sampling, when it is feasible, to try to capture a broader scope

and a better representativity of the microbial communities

present in a given environment during the moment of sampling

(Bullington et al., 2021).

The fungal community is dominated by
known and putative ericoid mycorrhizal
taxa

Our analysis of the fungal community shows a

predominance of the Helotiales order, totaling 244 ASVs

and representing 46.8% of the relative abundance (RA). This

fungal order contains known or putative ericoid mycorrhizae,

most of which were identified in our dataset, including Pezoloma

ericae (25 ASVs, 12.8% RA), Oidiodendron maius (15 ASVs, 9%

RA), O. chlamydosporicum (2 AVS, 0.03% RA), O. tenuissimum

(1 ASV, 0.02% RA), Meliniomyces sp. (19 ASVs, 1.7% RA),

Hyaloscypha variabilis (12 ASVs, 2.6% RA), H. bicolor (1

ASV, >0.01% RA), Lachnum pygmaum (1 ASV, 0.08% RA),

and Mycosymbioces sp. (11 ASVs, 7.2% RA) (Vohník et al.,

2005, 2007; Grelet et al., 2009; Walker et al., 2011; Leopold,

2016; Fadaei, 2019). This order also contains the dark septate

endophytes, Phialocephala fortinii (9 ASVs, 1.2% RA), and

P. glacialis (5 ASVs, 0.5% RA), which may have possible

beneficial outcomes on the plants they colonize (Newsham,

2011; Lukešová et al., 2015). Still, in the Ascomycota phylum,

the Chaetothyriales order is the second most abundant with 59

ASVs and 28.6% RA, mainly composed of Herpotrichiellaceae

(32 ASVs, 27.3% RA), a family often found in proximity with

Ericaceae host plants (Midgley et al., 2004; Walker et al., 2011)

and which contains the Capronia genus that was found to form

hyphal coils in Gaultheria shallon roots (Allen et al., 2003).

Switching to the less-abundant Basidiomycota phylum, the

three orders, which stand out: Agaricales, Trechisporales, and

Sebacinales, are also of interest. In our data, the Agaricales

are dominated by Clavaria sphagnicola (9 ASVs, 3.8% RA), a

genus known to form hyphal coils in Ericaceae roots (Peterson

et al., 1980) and which is considered as a putative ericoid

mycorrhizal fungal genus (Yang et al., 2018). C. sphagnicola is

phylogenetically very close to C. argillacea, which was found

making reciprocal exchanges of nutrients with rhododendron

roots (Englander and Hull, 1980). The Trechisporales order

is mainly composed by Luellia sp. (11 ASVs, 3.4% RA), a

genus containing saprotrophic fungi with some putative

ectomycorrhizal fungi (Malysheva et al., 2018). Although no

ErM fungi have been identified in this genus, research has shown

that ectomycorrhizal fungi can also colonize Ericaceae roots

(Villarreal-Ruiz et al., 2004, 2012; Vrålstad, 2004). Furthermore,

saprotrophic fungi can help degrade plant debris and extract

nitrogen and phosphorus from lignocellulose more efficiently

than mycorrhizal fungi and can, therefore, be beneficial for

plant growth (Vohník et al., 2012). Finally, the Sebacinales order

mainly composed of Serendipita sp. (13 ASVs, 0.9% RA) was

identified as having potential ericoid mycorrhizal fungi species

(Vohník et al., 2016). Overall, our data show a relatively high

abundance of symbiotic and/or endophytic fungal taxa in the

rhizosphere community, which may suggest their importance in

the wild blueberry rhizosphere ecosystem. The confidence in our

taxonomy annotation is reinforced with the mock community

analysis, which correctly assigned the correct genus to 17 on 19

taxa, and 10 to the species level (Supplementary Information).

However, although we used an even mock community, where

each taxon should be represented equally, we witnessed a higher

abundance of Ascomycota taxa than Basidiomycota in our mock

community results. While Ascomycota have been reported to

dominate the wild blueberry rhizosphere (Yurgel et al., 2017;

Morvan et al., 2020), the relative abundance obtained in our

mock and experimental communities could be skewed as either

the PCR amplification or sequencing could have introduced a

bias toward Ascomycota over Basidiomycota sequences.

The bacterial community contains
abundant taxa with carbon-degrading
capacity, as well as dinitrogen fixation
potential taxa

The bacterial dataset was dominated by Frankiales (175

ASVs, 14% RA), mostly belonging to the Acidothermus genus

(134 ASVs, 12.9% RA). To date, this genus has had a sole

known species: A. cellulolyticus isolated from acidic hot spring

in Yellowstone National Park. As the name of the genus implies,

the bacteria are acidophilic (optimal pH = 5) and thermophilic

(optimal temperature = 55◦C) (Mohagheghi et al., 1986). Both

the acidophilic and thermophilic natures of the bacteria are

coherent in a wild blueberry context, as temperature records

show that soil in the blueberry field (in which this experiment is

part of) often reaches 40◦C, with a max temperature of 53.07◦C
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in the summer 2021. Furthermore, A. cellulolyticus genome

sequence contains numerous plant biomass and fungal cell

wall-degrading enzymes (Barabote et al., 2009), a characteristic

consistent in a wild blueberry soil, which contains a high level

of organic matter. Among the Acidobacteriales (236 ASVs,

12.5% RA), most belonged to the Acidobacteriaceae Subgroup

1 (148 ASVs, 6.2% RA), which was found to be abundant

in low-pH soils and is able to degrade a variety of carbon

sources (Kielak et al., 2016). The Isosphaerales order (209

ASVs, 12.4% RA) commonly found in acidic northern wetlands

(Kulichevskaya et al., 2016) was dominated by the Aquispharea

genus (81 ASVs, 10.1% RA), first identified from a freshwater

aquarium (Bondoso et al., 2011). Although Aquispharea was

not included in the study, Ivanova and collaborators have

identified a common pool of carbohydrate-active enzymes in

four other Isosphaeraceae species, suggesting a high potential

of this bacterial family to use a variety of carbohydrates and

glycoconjugates (Ivanova et al., 2017). The Rhizobiales order

(150 ASVs, 10.4% RA), well-known to harbor nitrogen-fixing

bacteria, was dominated by the Xanthobacteraceae family (82

ASVs, 7.3% RA) and the Roseiarcus genus (31 ASVs, 2.5%

RA). Xanthobacteraceae contain dinitrogen fixation potential

(Sawada et al., 2003; Oren, 2014), among which Rhodoplanes

(Buckley et al., 2007) and Bradyrhizobium (Ormeno-Orrillo and

Martinez-Romero, 2019) have been previously reported to fix

dinitrogen and are also present in our community. Roseiarcus

fermentans, the only known species of this genus to date, was

isolated from acidic Sphagnum peat and is capable of dinitrogen

fixation. This genus was also found to be abundant in a previous

study on wild blueberry rhizosphere (Morvan et al., 2020).

Our bacterial mock community analysis supports our taxonomy

assignment as 18 out of the 20 species present in the mock

community were correctly assigned to the species level, and

the two remaining had a correct genus identity. Regarding

the abundance, we observed no bias toward a particular

taxonomy level. Regrettably, there were no Acidobacteriota

nor Planctomycetota taxa in the mock community that was

sequenced, while they represent a significant proportion of the

community found in our experiment.

Conclusion

This study aimed to evaluate the impact of thermal pruning

on agronomic variables and the microbiome of wild blueberry

in an agricultural setting. Our results show limited, short-term

benefits of burning. Septoria leaf spot disease was negatively

impacted by burning at a high intensity in the short term.

However, this temporary reduction had no effect on blueberry

yield. We observed a tentative non-significant decrease of the

predominant weed, Cornus canadensis, due to burning. Since

C. canadensis is a common wild blueberry competitor, thermal

pruning could be worthwhile, but additional experiments are

required to validate our results as they are in contradiction with

the literature. Moreover, the burning intensities used in our

experiment did not significantly disrupt the fungal and bacterial

communities of the wild blueberry rhizosphere sampled during

the subsequent harvesting year (15 months after the thermal

pruning treatment). Otherwise, as we did not record any other

significant beneficial outcome, thermal pruning may not be

worth investing into. The use of alternative technics like vinegar

as a herbicide (practice already used in cranberry fields) or

products containing Bacillus subtilis as fungicides are more

promising and ecofriendly than burning fossil fuels. This aspect

should be taken into consideration, especially during our times

of climatic crisis.

Data availability statement

The agricultural datasets for this study can be found

in Zenodo: https://doi.org/10.5281/zenodo.6544474. The R

scripts used to analyze the data and to generate figures

are deposited on GitHub: https://github.com/SimonMorvan/

thermal_BB_microbiome. The microbial sequences have been

deposited in the NCBI GenBank Sequence Read Archive under

the accession number PRJNA803472: https://www.ncbi.nlm.nih.

gov/bioproject/PRJNA803472.

Author contributions

MP and JL conceived and designed the agronomic part of the

study, while MH and SM conceived and designed the microbial

part of the study. AS and SM contributed to data acquisition.

SM performed the microbial community analysis experiments,

analyzed the data, and wrote the first draft of the manuscript. All

authors reviewed and discussed the results, read, and approved

the submitted version of the article.

Funding

This study received funding from the following source: the

Natural Sciences and Engineering Research Council of Canada

(NSERC) Discovery grant (Grant RGPIN-2018-04178) to MH

; the Syndicat des Producteurs de Bleuets du Québec (SPBQ)

and the Natural Sciences and Engineering Research Council of

Canada (NSERC) (Grant RDCPJ-503182-16) to MP.

Acknowledgments

The authors would like to thank Geneviève Telmosse,

Catherine Tremblay, and Stéphanie Cloutier for their help in

data acquisition; Denis Bourgault for soil analysis; Stéphane

Daigle for his help in mixed models; Andrew Blakney for

critical reading and English editing. The authors also thank

the Corporation d’Aménagement Forêt Normandin (CAFN) for

providing access to their sites and infrastructure.

Frontiers in Plant Science 18 frontiersin.org

https://doi.org/10.3389/fpls.2022.954935
https://doi.org/10.5281/zenodo.6544474
https://github.com/SimonMorvan/thermal_BB_microbiome
https://github.com/SimonMorvan/thermal_BB_microbiome
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA803472
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA803472
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Morvan et al. 10.3389/fpls.2022.954935

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fpls.2022.954935/full#supplementary-material

References

Acree, A., Fultz, L. M., Lofton, J., and Haggard, B. (2020). Soil biochemical and
microbial response to wheat and corn stubble residue management in Louisiana.
Agrosyst. Geosci. Environ. 3:e2004. doi: 10.1002/agg2.20004

Allen, T. R., Millar, T., Berch, S. M., and Berbee, M. L. (2003). Culturing and
direct DNA extraction find different fungi from the same ericoidmycorrhizal roots.
New Phytol. 160, 255–272. doi: 10.1046/j.1469-8137.2003.00885.x

Alvear, M., Rosas, A., Rouanet, J. L., and Borie, F. (2005). Effects of three soil
tillage systems on some biological activities in an Ultisol from southern Chile. Soil
Tillage Res. 82, 195–202. doi: 10.1016/j.still.2004.06.002

Bach, E. M., Williams, R. J., Hargreaves, S. K., Yang, F., and Hofmockel, K. S.
(2018). Greatest soil microbial diversity found inmicro-habitats. Soil Biol. Biochem.
118, 217–226. doi: 10.1016/j.soilbio.2017.12.018

Bakker, M. G. (2018). A fungal mock community control for
amplicon sequencing experiments. Mol. Ecol. Resour. 18, 541–556.
doi: 10.1111/1755-0998.12760

Barabote, R. D., Xie, G., Leu, D. H., Normand, P., Necsulea, A., Daubin, V.,
et al. (2009). Complete genome of the cellulolytic thermophile Acidothermus
cellulolyticus 11B provides insights into its ecophysiological and evolutionary
adaptations. Genome Res. 19, 1033–1043. doi: 10.1101/gr.084848.108

Bates, D. M., Maechler, M., Bolker, B. B., and S., W. (2015). Fitting linear
mixed-effects models using lme4. J. Stat. Softw. 67, 1–48. doi: 10.18637/jss.v067.i01

Bever, J. D. (1994). Feedback between plants and their soil communities in an old
field community. Ecology 75, 1965–1977. doi: 10.2307/1941601

Black, W. N. (1963). The effect of frequency of rotational burning on blueberry
production. Canad. J. Plant Sci. 43, 161–165. doi: 10.4141/cjps63-028

Blatt, C. R., Hall, I. V., Jensen, K. I. N., Neilson, W. T. A., Hildebrand, P.
D., Nickerson, N. L., et al. (1989). Lowbush Blueberry Production. Ottawa, ON.:
Agriculture Canada.

Bondoso, J., Albuquerque, L., Nobre, M. F., Lobo-da-Cunha, A., da Costa,
M. S., and Lage, O. M. (2011). Aquisphaera giovannonii gen. nov., sp. nov., a
planctomycete isolated from a freshwater aquarium. Int. J. Syst. Evolut. Microbiol.
61, 2844–2850. doi: 10.1099/ijs.0.027474-0

Brazelton, C. (2013).World Blueberry Acreage & Production. Folsom: USHBC.

Buckley, D. H., Huangyutitham, V., Hsu, S. F., and Nelson, T. A. (2007). Stable
isotope probing with 15N2 reveals novel noncultivated diazotrophs in soil. Appl.
Environ. Microbiol. 73, 3196–3204. doi: 10.1128/AEM.02610-06

Bullington, L. S., Lekberg, Y., and Larkin, B. G. (2021). Insufficient sampling
constrains our characterization of plant microbiomes. Sci. Rep. 11:3645.
doi: 10.1038/s41598-021-83153-9

Cairney, J. W. G., and Burke, R. M. (1998). Extracellular enzyme activities of the
ericoid mycorrhizal endophyteHymenoscyphus ericae (Read) Korf & Kernan: their
likely roles in decomposition of dead plant tissue in soil. Plant Soil 205, 181–192.
doi: 10.1023/A:1004376731209

Cairney, J. W. G., and Meharg, A. A. (2003). Ericoid mycorrhiza: a
partnership that exploits harsh edaphic conditions. Eur. J. Soil Sci. 54, 735–740.
doi: 10.1046/j.1351-0754.2003.0555.x

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and
Holmes, S. P. (2016a). DADA2: High-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Callahan, B. J., Sankaran, K., Fukuyama, J. A., McMurdie, P. J., and Holmes, S. P.
(2016b). Bioconductor workflow for microbiome data analysis: from raw reads to
community analyses [version 2; peer review: 3 approved]. F1000Research 5:1492.
doi: 10.12688/f1000research.8986.2

Chapeskie, A. J. (2001). “Northern homelands, northern frontier: linking culture
and economic security in contemporary livelihoods in boreal and cold temperate
forest communities in northern Canada,” in Forest Communities in the Third
Millennium: Linking Research, Business, and Policy Toward a Sustainable Non-
Timber Forest Product Sector, eds I. Davidson-Hunt, L. C. Duchesne and J. C.
Zasada. USDA Forest Service, North Central Research Station.

Crous, P. W., Schumacher, R. K., Wingfield, M. J., Akulov, A., Denman, S.,
Roux, J., et al. (2018). New and interesting fungi. 1. Fungal Syst. Evol. 1, 169–216.
doi: 10.3114/fuse.2018.01.08

Dangi, S. R., Stahl, P. D., Pendall, E., Cleary, M. B., and Buyer, J. S. (2010).
Recovery of soil microbial community structure after fire in a sagebrush-grassland
ecosystem. Land Degrad. Dev. 21, 423–432. doi: 10.1002/ldr.975

de Vries, F. T., Manning, P., Tallowin, J. R. B., Mortimer, S. R., Pilgrim,
E. S., Harrison, K. A., et al. (2012). Abiotic drivers and plant traits explain
landscape-scale patterns in soil microbial communities. Ecol. Lett. 15, 1230–1239.
doi: 10.1111/j.1461-0248.2012.01844.x

Dooley, S. R., and Treseder, K. K. (2011). The effect of fire on microbial
biomass: a meta-analysis of field studies. Biogeochemistry 109, 49–61.
doi: 10.1007/s10533-011-9633-8

Dove, N. C., and Hart, S. C. (2017). Fire reduces fungal species richness
and in situ mycorrhizal colonization: a meta-analysis. Fire Ecol. 13, 37–65.
doi: 10.4996/fireecology.130237746

Drummond, F., Smagula, J., Annis, S., and Yarborough, D. (2009). Organic wild
blueberry production.MAFES Bull 852:43.

Englander, L., and Hull, R. J. (1980). Reciprocal transfer of nutrients
between ericaceous plants and a Clavaria sp. New Phytol. 84, 661–667.
doi: 10.1111/j.1469-8137.1980.tb04779.x

Fadaei, S. (2019). Effects of Ericoid Mycorrhizal Fungi on Growth and Salt
Tolerance of Blueberry (Vaccinium myrtilloides), Lingonberry (Vaccinium vitis-
idaea), and Labrador tea (Rhododendron groenlandicum): Implications for Oil
Sands Reclamation. Master of Science, University of Alberta.

Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography
of soil bacterial communities. Proc. Natl. Acad. Sci. U.S.A. 103, 626–631.
doi: 10.1073/pnas.0507535103

Flinn, M. A., and Wein, R. W. (1977). Depth of underground plant
organs and theoretical survival during fire. Canad. J. Botany 55, 2550–2554.
doi: 10.1139/b77-291

Foster, Z. S., Sharpton, T. J., and Grunwald, N. J. (2017). Metacoder:
An R package for visualization and manipulation of community taxonomic
diversity data. PLoS Comput. Biol. 13, e1005404. doi: 10.1371/journal.pcbi.10
05404

Fox, J., and Weisberg, S. (2019). An R Companion to Applied Regression.
Thousand Oaks CA: Sage Publications.

Government of Canada (2021). Données des stations pour le calcul des normales
climatiques au Canada de 1971 à 2000 [Online]. Available online at: https://climat.
meteo.gc.ca/climate_normals/results_f.html?searchType=stnProv&lstProvince=

Frontiers in Plant Science 19 frontiersin.org

https://doi.org/10.3389/fpls.2022.954935
https://www.frontiersin.org/articles/10.3389/fpls.2022.954935/full#supplementary-material
https://doi.org/10.1002/agg2.20004
https://doi.org/10.1046/j.1469-8137.2003.00885.x
https://doi.org/10.1016/j.still.2004.06.002
https://doi.org/10.1016/j.soilbio.2017.12.018
https://doi.org/10.1111/1755-0998.12760
https://doi.org/10.1101/gr.084848.108
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2307/1941601
https://doi.org/10.4141/cjps63-028
https://doi.org/10.1099/ijs.0.027474-0
https://doi.org/10.1128/AEM.02610-06
https://doi.org/10.1038/s41598-021-83153-9
https://doi.org/10.1023/A:1004376731209
https://doi.org/10.1046/j.1351-0754.2003.0555.x
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.12688/f1000research.8986.2
https://doi.org/10.3114/fuse.2018.01.08
https://doi.org/10.1002/ldr.975
https://doi.org/10.1111/j.1461-0248.2012.01844.x
https://doi.org/10.1007/s10533-011-9633-8
https://doi.org/10.4996/fireecology.130237746
https://doi.org/10.1111/j.1469-8137.1980.tb04779.x
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1139/b77-291
https://doi.org/10.1371/journal.pcbi.1005404
https://climat.meteo.gc.ca/climate_normals/results_f.html?searchType=stnProv&lstProvince=QC&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=5926&dispBack=0
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://climat.meteo.gc.ca/climate_normals/results_f.html?searchType=stnProv&lstProvince=QC&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=5926&dispBack=0


Morvan et al. 10.3389/fpls.2022.954935

QC&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLongMin=0&
txtCentralLongSec=0&stnID=5926&dispBack=0 (accessed November 29, 2021).

Grelet, G. A., Alexander, I. J., Proe, M. F., Frossard, J. S., and Millard, P. (2001).
Leaf habit influences nitrogen remobilization in Vaccinium species. J. Exp. Bot. 52,
993–1002. doi: 10.1093/jexbot/52.358.993

Grelet, G. A., Johnson, D., Paterson, E., Anderson, I. C., and Alexander, I. J.
(2009). Reciprocal carbon and nitrogen transfer between an ericaceous dwarf shrub
and fungi isolated from Piceirhiza bicolorata ectomycorrhizas. New Phytol. 182,
359–366. doi: 10.1111/j.1469-8137.2009.02813.x

Hall, I. V., and Sibley, J. D. (1976). The biology of Canadian weeds: 20. Cornus
canadensis L. Canad. J. Plant Sci. 56, 885–892. doi: 10.4141/cjps76-144

Hardison, J. R. (1976). Fire and flame for plant disease control. Annu. Rev.
Phytopathol. 14, 355–379. doi: 10.1146/annurev.py.14.090176.002035

Hart, S. C., DeLuca, T. H., Newman, G. S., MacKenzie, M. D., and Boyle,
S. I. (2005). Post-fire vegetative dynamics as drivers of microbial community
structure and function in forest soils. For. Ecol. Manage. 220, 166–184.
doi: 10.1016/j.foreco.2005.08.012

Hendershot, W. H., Lalande, H., and Duquette, M. (2007). “Soil reaction and
exchangeable acidity,” in: Soil Sampling and Methods of Analysis. Second edition.
Canadian Society of Soil Science, eds M. R. Carter & E. G. Gregorich (Boca Raton,
FL: Lewis Publishers). doi: 10.1201/9781420005271.ch16

Hildebrand, P. D., Renderos, W. E., and Delbridge, R. W. (2016). Diseases of
Lowbush Blueberry and Their Identification. Agriculture and Agri-Food Canada.

Hoefs, M. E. G., and Shay, J. M. (1981). The effects of shade on shoot growth of
Vaccinium angustifolium Ait. after fire pruning in southeastern Manitoba. Canad.
J. Botany 59, 166–174. doi: 10.1139/b81-027

Ismail, A. A., andHanson, E. J. (1982). Interaction ofmethod and date of pruning
on growth and productivity of the lowbush blueberry. Canad. J. Plant Sci. 62,
677–682. doi: 10.4141/cjps82-098

Ismail, A. A., Smagula, J. M., and Yarborough, D. E. (1981). Influence of pruning
method, fertilizer and terbacil on the growth and yield of the lowbush blueberry.
Canad. J. Plant Sci. 61, 61–71. doi: 10.4141/cjps81-009

Ivanova, A. A., Naumoff, D. G., Miroshnikov, K. K., Liesack, W., and Dedysh,
S. N. (2017). Comparative genomics of four isosphaeraceae planctomycetes:
a common pool of plasmids and glycoside hydrolase genes shared by
Paludisphaera borealis PX4(T), Isosphaera pallida IS1B(T), Singulisphaera
acidiphila DSM 18658(T), and Strain SH-PL62. Front. Microbiol. 8, 412.
doi: 10.3389/fmicb.2017.00412

Kalt, W., Cassidy, A., Howard, L. R., Krikorian, R., Stull, A. J., Tremblay, F.,
et al. (2020). Recent research on the health benefits of blueberries and their
anthocyanins. Adv. Nutr. 11, 224–236. doi: 10.1093/advances/nmz065

Kerley, S. J., and Read, D. J. (1995). The biology of mycorrhiza in the Ericaceae:
XVIII. Chitin degration byHymenoscyphus ericae and transfer of chitin-nitrogen to
the host plant. New Phytol. 131, 369–375. doi: 10.1111/j.1469-8137.1995.tb03073.x

Kielak, A. M., Barreto, C. C., Kowalchuk, G. A., van Veen, J. A., and Kuramae, E.
E. (2016). The ecology of acidobacteria: moving beyond genes and genomes. Front.
Microbiol. 7, 744. doi: 10.3389/fmicb.2016.00744

Krikorian, R., Shidler, M. D., Nash, T. A., Kalt, W., Vinqvist-Tymchuk, M. R.,
Shukitt-Hale, B., et al. (2010). Blueberry supplementation improves memory in
older adults. J. Agric. Food Chem. 58, 3996–4000. doi: 10.1021/jf9029332

Kulichevskaya, I. S., Ivanova, A. A., Suzina, N. E., Rijpstra, W. I. C., Sinninghe
Damste, J. S., and Dedysh, S. N. (2016). Paludisphaera borealis gen. nov., sp. nov., a
hydrolytic planctomycete from northern wetlands, and proposal of Isosphaeraceae
fam. nov. Int. J. Syst. Evol. Microbiol. 66, 837–844. doi: 10.1099/ijsem.0.000799

Kuznetsova, A., Brockhoff, P. B., and Christensen, R. H. B. (2017).
lmerTest package: tests in linear mixed effects models. J. Stat. Softw. 82:il3.
doi: 10.18637/jss.v082.i13

Lambert, D. H. (1990). Effects of pruning method on the incidence of
mummy berry and other lowbush blueberry diseases. Plant Dis. 74, 199–201.
doi: 10.1094/PD-74-0199

Lee, P. (2004). The impact of burn intensity fromwildfires on seed and vegetative
banks, and emergent understory in aspen-dominated boreal forests. Canad. J.
Botany 82, 1468–1480. doi: 10.1139/b04-108

Legendre, P., and Gallagher, E. D. (2001). Ecologically meaningful
transformations for ordination of species data. Oecologia 129, 271–280.
doi: 10.1007/s004420100716

Leopold, D. R. (2016). Ericoid fungal diversity: Challenges and opportunities for
mycorrhizal research. Fungal Ecol. 24, 114–123. doi: 10.1016/j.funeco.2016.07.004

Lévesque, J.-A., Bradley, R. L., Bellemare, M., Lafond, J., Paré, M.
C., and Willenborg, C. (2018). Predicting weed and lowbush blueberry

biomass using the point intercept method. Canad. J. Plant Sci. 98, 967–970.
doi: 10.1139/cjps-2017-0201

Lide, D. R. (2005). “Flame temperatures,” in CRC Handbook of Chemistry and
Physics, ed D. R. Lide (Boca Raton, FL: CRC Pres).

Linstrom, P. J., and Mallard, W. G. (2001). The NIST Chemistry WebBook:
A chemical data resource on the internet. J. Chem. Eng. Data 46, 1059–1063.
doi: 10.1021/je000236i

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 1–21.
doi: 10.1186/s13059-014-0550-8

Lukešová, T., Kohout, P., Vetrovsky, T., and Vohník, M. (2015). The potential
of Dark Septate Endophytes to form root symbioses with ectomycorrhizal and
ericoid mycorrhizal middle European forest plants. PLoS ONE 10, e0124752.
doi: 10.1371/journal.pone.0124752

Malysheva, E. F., Malysheva, V. F., Voronina, E. Y., and Kovalenko, A. E. (2018).
Diversity of fungal communities associated with mixotrophic pyroloids (Pyrola
rotundifolia, P. media and Orthilia secunda) in their natural habitats. Botanica
Pacifica 7:e07202. doi: 10.17581/bp.2018.07202

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 17, 10–12. doi: 10.14806/ej.17.1.200

Martino, E., Morin, E., Grelet, G. A., Kuo, A., Kohler, A., Daghino, S., et al.
(2018). Comparative genomics and transcriptomics depict ericoid mycorrhizal
fungi as versatile saprotrophs and plant mutualists. New Phytol. 217, 1213–1229.
doi: 10.1111/nph.14974

Mataix-Solera, J., Guerrero, C., García-Orenes, F., Bárcenas, G. M., Torres, M. P.,
and Barcenas, M. (2009). Forest fire effects on soil microbiology. Fire Effects Soils
Restoration Strat. 5, 133–175. doi: 10.1201/9781439843338-c5

McMurdie, P. J., and Holmes, S. (2013). phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS ONE 8, e61217.
doi: 10.1371/journal.pone.0061217

Midgley, D. J., Chambers, S. M., and Cairney, J. W. G. (2004).
Distribution of ericoid mycorrhizal endophytes and root-associated fungi
in neighbouring Ericaceae plants in the field. Plant Soil 259, 137–151.
doi: 10.1023/B:PLSO.0000020947.13655.9f

Mitchell, D. T., and Gibson, B. R. (2006). Ericoid mycorrhizal association:
ability to adapt to a broad range of habitats. Mycologist 20, 2–9.
doi: 10.1016/j.mycol.2005.11.015

Mizrahi-Man, O., Davenport, E. R., and Gilad, Y. (2013). Taxonomic
classification of bacterial 16S rRNA genes using short sequencing reads: evaluation
of effective study designs. PLoS ONE 8, e53608. doi: 10.1371/journal.pone.0053608

Mohagheghi, A., Grohmann, K. M. M. H., Himmel, M., Leighton, L., and
Updegraff, D. M. (1986). Isolation and characterization of Acidothermus
cellulolyticus gen. nov., sp. nov., a new genus of thermophilic, acidophilic,
cellulolytic bacteria. Int. J. Syst. Evolution. Microbiol. 36, 435–443.
doi: 10.1099/00207713-36-3-435

Moola, F. M., and Vasseur, L. (2009). “The importance of clonal growth to
the recovery of Gaultheria procumbens L. (Ericaceae) after forest disturbance,” in:
Forest Ecology: Recent Advances in Plant Ecology, ed A. G. Van der Valk (Dordrecht:
Springer Netherlands). doi: 10.1007/978-90-481-2795-5_24

Morvan, S., Meglouli, H., Lounes-Hadj Sahraoui, A., and Hijri, M. (2020). Into
the wild blueberry (Vaccinium angustifolium) rhizosphere microbiota. Environ.
Microbiol. 22, 3803–3822. doi: 10.1111/1462-2920.15151

Murphy, J., and Riley, J. P. (1962). A modified single solution method for
the determination of phosphate in surface waters. Anal. Chim. Acta 27, 31–36.
doi: 10.1016/S0003-2670(00)88444-5

Neary, D. G., Klopatek, C. C., DeBano, L. F., and Ffolliott, P. F. (1999). Fire
effects on belowground sustainability: a review and synthesis. For. Ecol. Manage.
122, 51–71. doi: 10.1016/S0378-1127(99)00032-8

Newsham, K. K. (2011). A meta-analysis of plant responses to dark septate root
endophytes. New Phytol. 190, 783–793. doi: 10.1111/j.1469-8137.2010.03611.x

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
et al. (2020). vegan: Community Ecology Package.

Oren, A. (2014). The family xanthobacteraceae. Prokaryotes 2014, 709–726.
doi: 10.1007/978-3-642-30197-1_258

Ormeno-Orrillo, E., and Martinez-Romero, E. (2019). A genomotaxonomy
view of the Bradyrhizobium genus. Front. Microbiol. 10, 1334.
doi: 10.3389/fmicb.2019.01334

Pearson, V., and Read, D. J. (1973). The transport of carbon and
phosphorus by the endophyte and the mycorrhiza. New Phytol. 72, 1325–1331.
doi: 10.1111/j.1469-8137.1973.tb02110.x

Frontiers in Plant Science 20 frontiersin.org

https://doi.org/10.3389/fpls.2022.954935
https://climat.meteo.gc.ca/climate_normals/results_f.html?searchType=stnProv&lstProvince=QC&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=5926&dispBack=0
https://climat.meteo.gc.ca/climate_normals/results_f.html?searchType=stnProv&lstProvince=QC&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=5926&dispBack=0
https://doi.org/10.1093/jexbot/52.358.993
https://doi.org/10.1111/j.1469-8137.2009.02813.x
https://doi.org/10.4141/cjps76-144
https://doi.org/10.1146/annurev.py.14.090176.002035
https://doi.org/10.1016/j.foreco.2005.08.012
https://doi.org/10.1201/9781420005271.ch16
https://doi.org/10.1139/b81-027
https://doi.org/10.4141/cjps82-098
https://doi.org/10.4141/cjps81-009
https://doi.org/10.3389/fmicb.2017.00412
https://doi.org/10.1093/advances/nmz065
https://doi.org/10.1111/j.1469-8137.1995.tb03073.x
https://doi.org/10.3389/fmicb.2016.00744
https://doi.org/10.1021/jf9029332
https://doi.org/10.1099/ijsem.0.000799
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1094/PD-74-0199
https://doi.org/10.1139/b04-108
https://doi.org/10.1007/s004420100716
https://doi.org/10.1016/j.funeco.2016.07.004
https://doi.org/10.1139/cjps-2017-0201
https://doi.org/10.1021/je000236i
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1371/journal.pone.0124752
https://doi.org/10.17581/bp.2018.07202
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1111/nph.14974
https://doi.org/10.1201/9781439843338-c5
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1023/B:PLSO.0000020947.13655.9f
https://doi.org/10.1016/j.mycol.2005.11.015
https://doi.org/10.1371/journal.pone.0053608
https://doi.org/10.1099/00207713-36-3-435
https://doi.org/10.1007/978-90-481-2795-5_24
https://doi.org/10.1111/1462-2920.15151
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1016/S0378-1127(99)00032-8
https://doi.org/10.1111/j.1469-8137.2010.03611.x
https://doi.org/10.1007/978-3-642-30197-1_258
https://doi.org/10.3389/fmicb.2019.01334
https://doi.org/10.1111/j.1469-8137.1973.tb02110.x
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Morvan et al. 10.3389/fpls.2022.954935

Penney, B. G., McRae, K. B., and Rayment, A. F. (1997). Long-term effects of
burn-pruning on lowbush blueberry (Vaccinium angustifolium Ait.) production.
Canad. J. Plant Sci. 77, 421–425. doi: 10.4141/P96-075

Penney, B. G., McRae, K. B., and Rayment, A. F. (2008). Effect of long-term burn-
pruning on the flora in a lowbush blueberry (Vaccinium angustifolium Ait.) stand.
Canad. J. Plant Sci. 88, 351–362. doi: 10.4141/CJPS07063

Peterson, T. A., Mueller, W. C., and Englander, L. (1980). Anatomy and
ultrastructure of a Rhododendron root–fungus association. Canad. J. Botany 58,
2421–2433. doi: 10.1139/b80-281

Quinn, T. P., Erb, I., Richardson, M. F., and Crowley, T. M. (2018).
Understanding sequencing data as compositions: an outlook and review.
Bioinformatics 34, 2870–2878. doi: 10.1093/bioinformatics/bty175

R Core Team (2021). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Rousk, J., Baath, E., Brookes, P. C., Lauber, C. L., Lozupone, C., Caporaso, J.
G., et al. (2010). Soil bacterial and fungal communities across a pH gradient in an
arable soil. ISME J. 4, 1340–1351. doi: 10.1038/ismej.2010.58

Russel, J. (2021). MicEco: Various functions for microbial community data.

Sawada, H., Kuykendall, L. D., and Young, J. M. (2003). Changing concepts in the
systematics of bacterial nitrogen-fixing legume symbionts. J. Gen. Appl. Microbiol.
49, 155–179. doi: 10.2323/jgam.49.155

Schlatter, D. C., Bakker, M. G., Bradeen, J. M., and Kinkel, L. L. (2015). Plant
community richness and microbial interactions structure bacterial communities in
soil. Ecology 96, 134–142. doi: 10.1890/13-1648.1

Schliep, K. P. (2011). phangorn: phylogenetic analysis in R. Bioinformatics 27,
592–593. doi: 10.1093/bioinformatics/btq706

Shen, M., Zhang, J. Q., Zhao, L. L., Groenewald, J. Z., Crous, P. W., and Zhang,
Y. (2020). Venturiales. Stud. Mycol. 96, 185–308. doi: 10.1016/j.simyco.2020.03.001

Smagula, J. M., Yarborough, D. E., Drummond, F., and Annis, S. (2008). Organic
production of wild blueberries II. Fertility and weed management. Int. Vacc. Symp.
810, 673–684. doi: 10.17660/ActaHortic.2009.810.89

Smercina, D. N., Bailey, V. L., and Hofmockel, K. S. (2021). Micro on a
macroscale: relating microbial-scale soil processes to global ecosystem function.
FEMS Microbiol. Ecol. 97:e091. doi: 10.1093/femsec/fiab091

Smith, D., and Hilton, R. (1971). The comparative effects of pruning by burning
or clipping on lowbush blueberries in North-Eastern Ontario. J. Appl. Ecol.
781–789. doi: 10.2307/2402683

Theriault, M. K. (2006). Moose to Moccasins: The Story of ka kita wa pa no kwe.
Dundurn: Natural Heritage.

Toju, H., Tanabe, A. S., Yamamoto, S., and Sato, H. (2012). High-coverage ITS
primers for the DNA-based identification of ascomycetes and basidiomycetes in
environmental samples. PLoS ONE 7, e40863. doi: 10.1371/journal.pone.0040863

van der Putten, W. H., Bardgett, R. D., Bever, J. D., Bezemer, T. M., Casper, B.
B., Fukami, T., et al. (2013). Plant-soil feedbacks: the past, the present and future
challenges. J. Ecol. 101, 265–276. doi: 10.1111/1365-2745.12054

Villarreal-Ruiz, L., Anderson, I. C., and Alexander, I. J. (2004). Interaction
between an isolate from the Hymenoscyphus ericae aggregate and roots of Pinus
and Vaccinium. New Phytol. 164, 183–192. doi: 10.1111/j.1469-8137.2004.01167.x

Villarreal-Ruiz, L., Neri-Luna, C., Anderson, I. C., and Alexander, I. J. (2012). In
vitro interactions between ectomycorrhizal fungi and ericaceous plants. Symbiosis
56, 67–75. doi: 10.1007/s13199-012-0161-7

Vincent, C., Lemoyne, P., and Lafond, J. (2018). Management of
blueberry maggot with high temperatures. J. Econ. Entomol. 111, 1313–1317.
doi: 10.1093/jee/toy089

Vohník, M., Albrechtová, J. and Vosátka, M. (2005). The inoculation with
Oidiodendron maius and Phialocephala fortinii alters phosphorus and nitrogen
uptake, foliar C: N ratio and root biomass distribution in Rhododendron cv.
Azurro. Symbiosis 40, 87–96.

Vohník, M., Fendrych, M., Albrechtov,á, J., and Vosátka, M. (2007). Intracellular
colonization of Rhododendron and Vaccinium roots by Cenococcum geophilum,

Geomyces pannorum and Meliniomyces variabilis. Folia Microbiol. 52, 407–414.
doi: 10.1007/BF02932096

Vohník, M., Pánek, M., Fehrer, J., and Selosse, M.-A. (2016). Experimental
evidence of ericoid mycorrhizal potential within Serendipitaceae (Sebacinales).
Mycorrhiza 26, 831–846. doi: 10.1007/s00572-016-0717-0

Vohník, M., Sadowsky, J. J., Lukešová, T., Albrechtová, J., and Vosátka, M.
(2012). Inoculation with a ligninolytic basidiomycete, but not root symbiotic
ascomycetes, positively affects growth of highbush blueberry (Ericaceae) grown in
a pine litter substrate. Plant Soil 355, 341–352. doi: 10.1007/s11104-011-1106-2

Vrålstad, T. (2004). Are ericoid and ectomycorrhizal fungi part of a common
guild? New Phytol. 164, 7–10. doi: 10.1111/j.1469-8137.2004.01180.x

Walker, J. F., Aldrich-Wolfe, L., Riffel, A., Barbare, H., Simpson, N. B.,
Trowbridge, J., et al. (2011). Diverse Helotiales associated with the roots of three
species of Arctic Ericaceae provide no evidence for host specificity. New Phytol.
191, 515–527. doi: 10.1111/j.1469-8137.2011.03703.x

Wang, C.,Wang, F., Yang, Q., and Liang, R. (2009). Thermogravimetric studies of
the behavior of wheat straw with added coal during combustion. Biomass Bioenergy
33, 50–56. doi: 10.1016/j.biombioe.2008.04.013

Warman, P. (1987). The effects of pruning, fertilizers, and organic amendments
on lowbush blueberry production. Plant Soil 101, 67–72. doi: 10.1007/BF02371032

White, S. N., and Boyd, N. S. (2017). Effect of dry heat, direct flame, and straw
burning on seed germination of weed species found in lowbush blueberry fields.
Weed Technol. 30, 263–270. doi: 10.1614/WT-D-15-00103.1

Whitman, T., Whitman, E., Woolet, J., Flannigan, M. D., Thompson, D. K.,
and Parisien, M.-A. (2019). Soil bacterial and fungal response to wildfires in
the Canadian boreal forest across a burn severity gradient. Soil Biol. Biochem.
138:e107571. doi: 10.1016/j.soilbio.2019.107571

Whyte, A. R., Cheng, N., Fromentin, E., and Williams, C. M. (2018). A
randomized, double-blinded, placebo-controlled study to compare the safety and
efficacy of low dose enhanced wild blueberry powder and wild blueberry extract
(thinkblue) in maintenance of episodic and working memory in older adults.
Nutrients 10:e60660. doi: 10.3390/nu10060660

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York, NY:
Springer-Verlag. doi: 10.1007/978-3-319-24277-4

Wicklow, D. T. (1975). Fire as an environmental cue initiating
ascomycete development in a tallgrass prairie. Mycologia 67, 852–862.
doi: 10.1080/00275514.1975.12019813

Wood, G. W. (2004). The wild blueberry industry—past. Small Fruits Rev. 3,
11–18. doi: 10.1300/J301v03n01_03

Wright, E. S. (2016). Using DECIPHER v2. 0 to analyze big biological sequence
data in R. R J. 8:25. doi: 10.32614/RJ-2016-025

Wu, X., Beecher, G. R., Holden, J. M., Haytowitz, D. B., Gebhardt, S. E., and
Prior, R. L. (2006). Concentrations of anthocyanins in common foods in the
United States and estimation of normal consumption. J. Agric. Food Chem. 54,
4069–4075. doi: 10.1021/jf060300l

Yang, H., Zhao, X., Liu, C., Bai, L., Zhao, M., and Li, L. (2018). Diversity and
characteristics of colonization of root-associated fungi of Vaccinium uliginosum.
Sci. Rep. 8:15283. doi: 10.1038/s41598-018-33634-1

Yarborough, D. E. (2012). Establishment and management of the cultivated
lowbush blueberry (Vaccinium angustifolium). Int. J. Fruit Sci. 12, 14–22.
doi: 10.1080/15538362.2011.619130

Yarborough, D. E., and Bhowmik, P. C. (1993). Lowbush blueberry-bunchberry
competition. J. Am. Soc. Horticult. Sci. 118, 54–62. doi: 10.21273/JASHS.118.1.54

Yurgel, S. N., Douglas, G. M., Comeau, A. M., Mammoliti, M., Dusault, A.,
Percival, D., et al. (2017). Variation in bacterial and eukaryotic communities
associated with natural and managed wild blueberry habitats. Phytobiomes J. 1,
102–113. doi: 10.1094/PBIOMES-03-17-0012-R

Ziadi, N., and Tran, T. S. (2007). “Mehlich III-Extractable elements,” in Soil
Sampling and Methods of Analysis. Second edition. Canadian Society of Soil
Science, eds M. R. Carter & E. G. Gregorich (Boca Raton, FL: Lewis Publishers).
doi: 10.1201/9781420005271.ch7

Frontiers in Plant Science 21 frontiersin.org

https://doi.org/10.3389/fpls.2022.954935
https://doi.org/10.4141/P96-075
https://doi.org/10.4141/CJPS07063
https://doi.org/10.1139/b80-281
https://doi.org/10.1093/bioinformatics/bty175
https://doi.org/10.1038/ismej.2010.58
https://doi.org/10.2323/jgam.49.155
https://doi.org/10.1890/13-1648.1
https://doi.org/10.1093/bioinformatics/btq706
https://doi.org/10.1016/j.simyco.2020.03.001
https://doi.org/10.17660/ActaHortic.2009.810.89
https://doi.org/10.1093/femsec/fiab091
https://doi.org/10.2307/2402683
https://doi.org/10.1371/journal.pone.0040863
https://doi.org/10.1111/1365-2745.12054
https://doi.org/10.1111/j.1469-8137.2004.01167.x
https://doi.org/10.1007/s13199-012-0161-7
https://doi.org/10.1093/jee/toy089
https://doi.org/10.1007/BF02932096
https://doi.org/10.1007/s00572-016-0717-0
https://doi.org/10.1007/s11104-011-1106-2
https://doi.org/10.1111/j.1469-8137.2004.01180.x
https://doi.org/10.1111/j.1469-8137.2011.03703.x
https://doi.org/10.1016/j.biombioe.2008.04.013
https://doi.org/10.1007/BF02371032
https://doi.org/10.1614/WT-D-15-00103.1
https://doi.org/10.1016/j.soilbio.2019.107571
https://doi.org/10.3390/nu10060660
https://doi.org/10.1007/978-3-319-24277-4
https://doi.org/10.1080/00275514.1975.12019813
https://doi.org/10.1300/J301v03n01_03
https://doi.org/10.32614/RJ-2016-025
https://doi.org/10.1021/jf060300l
https://doi.org/10.1038/s41598-018-33634-1
https://doi.org/10.1080/15538362.2011.619130
https://doi.org/10.21273/JASHS.118.1.54
https://doi.org/10.1094/PBIOMES-03-17-0012-R
https://doi.org/10.1201/9781420005271.ch7
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Limited effect of thermal pruning on wild blueberry crop and its root-associated microbiota
	Introduction
	Materials and methods
	Experimental design
	Data acquisition
	Weeds, disease, and blueberry coverage and blueberry biomass
	Soil chemical properties
	Fruit yield

	Microbial community analyses
	Sampling
	DNA extraction and PCR amplification
	Sequencing data processing

	Statistical analyses
	Soil and agricultural data
	Microbial data
	Phylogenetic trees
	Pseudo-replicate similarity and beta diversity
	Alpha diversity
	Core microbiota
	Representative taxa

	Accession numbers

	Results
	Effects of burning intensities on blueberry's agronomic variables
	Blueberry performance
	Weeds and disease
	Soil chemistry

	Microbial communities
	Taxonomic diversity of fungal and bacterial communities
	Bacterial and fungal core microbiomes
	Pseudoreplicate similarity

	Effect of burning intensity on the microbial communities
	Alpha diversity
	Beta diversity
	Representative ASVs


	Discussion
	Thermal pruning had no significant impact on blueberry performance or agronomic variables, even at the highest intensities
	Thermal pruning has a temporary phytosanitation effect on Septoria leaf spot disease, but this effect is unclear on weeds
	Thermal pruning increased soil phosphorus content but did not significantly influence other elements
	Rhizosphere bacterial and fungal communities were homogenous throughout the thermal pruning treatments, more than a year after the burning treatment
	The fungal community is dominated by known and putative ericoid mycorrhizal taxa
	The bacterial community contains abundant taxa with carbon-degrading capacity, as well as dinitrogen fixation potential taxa

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


