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Abstract

Wild blueberries production is regarded as less intensive than other agricultural systems,
although several agricultural practices are commonly implemented to increase crop yields and
to mitigate pets and pathogen attacks. Fertilization, organic or mineral, is used to increase soil
nutrient availability and improve fruit yield. Wild blueberry plants are also known to depend on
their microbiome to overcome the lack of nutrient availability in the soil and their symbiosis
with ericoid mycorrhizal fungi is thought to be crucial in that regard. As fertilization can alter
crop microbial communities, our study aimed to measure the impact of this practice in a wild
blueberry setting, focusing on the bacterial and fungal communities found in the roots and
rhizosphere of Vaccinium angustifolium Ait., both at the time of application and more than year
later during the harvest season. Our study indicates that fertilization, whether mineral or
organic, has a minimal effect on microbial communities. One year after application, fertilization
does not seem to have a negative repercussion on the ericoid mycorrhizal (ErM) fungal
community as no significant differences were observed in terms of relative abundance on
known and putative ErM taxa between the control and the two fertilizer treatments. The fact
that fertilization is applied at a low rate could explain this absence of effect on the microbial
communities. However, longer-term studies are needed to ensure that repeated fertilization
does not cause any shifts in microbial communities that could be detrimental to the wild

blueberry nutrition.

Importance

This study examines the impact of fertilization, whether organic or mineral, on microbial
communities in the roots and rhizosphere of wild blueberry (Vaccinium angustifolium Ait.). both
Fertilization is commonly used to enhance soil nutrient availability and improve fruit yield, but
its effects on the plant's microbiome, particularly on the ericoid mycorrhizal fungi (ErM), are not
well understood. The samples were taken both during the pruning season, 3 months after the
treatment, and one year later, during harvest season. The results suggest that fertilization has
minimal impact on the microbial communities. One year after application, no significant

differences were observed in the relative abundance of known and putative ErM taxa between
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the control group and the two fertilizer-treated groups. The low amount of fertilization applied
could explain these results. However, longer-term research are needed to ensure that repeated
fertilization does not lead to detrimental shifts in microbial communities affecting wild

blueberry nutrition.
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Introduction

Blueberry culture and agricultural practices

Wild blueberries, despite their name, are cultivated in Canada (Quebec and maritime provinces)
and the United States of America (Maine). The vernacular name encompasses multiple species,
mainly Vaccinium angustifolium Ait. and Vaccinium myrtilloides Michaux, that coexist in
commercial blueberry fields (Yarborough, 2012). Contrary to the highbush blueberries culture
(V. corymbosum) which resembles other fruit production with selected and planted cultivars,
wild blueberries are grown from pre-existing stands that are usually found in abandoned farms
or in the boreal forest understory. Once the land is cleared out of other plants and trees, wild
blueberries propagate mainly through their rhizomes to progressively cover the entire field
(Yarborough, 2012). This absence of sowing, transplanting or breeding explains the name of wild
blueberries. However, similarly to other crops, producers manage their fields in order to
maximize fruit yield. Among these agricultural practices are : pruning once every other year
(Yarborough, 2004; Morvan et al., 2022b), pesticides applications to reduce problematic insects
(Drummond and Groden, 2000; Collins and Drummond, 2004; Drummond et al., 2019), fungal
diseases (Dedej et al., 2004; Esau et al., 2014; Hildebrand et al., 2016) and weeds (Jensen and
Yarborough, 2004; Kennedy et al., 2010; Li et al., 2014) as well as fertilization (Eaton and
Patriquin, 1988; Jeliazkova and Percival, 2003; Yarborough, 2004; Lafond, 2020).

Fertilization effect on blueberry performance

Wild blueberries belong to the Ericaceae plant family along with cranberries (Vaccinium
macrocarpon), rhododendrons (Rhododendron spp.) or heather (Calluna vulgaris). These plants
are known to grow in acidic soils with low nutrient availability and high concentrations of trace
metals. Essential nutrients are either contained in organic matter that cannot be directly
absorbed by plants or bound to metals, mainly aluminum or iron in the case of phosphorus
(Ohno and Severy, 2013). Wild blueberries are adapted to this environment and have relatively
low nutrient requirements (Hall, 1978; Lafond, 2009). Nevertheless, studies have found that

fertilizers could increase fruit productivity (Penney and McRae, 2000; Gagnon et al., 2003;
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79 Lafond, 2004; Starast et al., 2007; Maqgbool et al., 2017). In Quebec, producers generally fertilize
80 during the year following pruning using either mineral and/or organic amendments. Organic
81 fertilizers have the advantage of slowly releasing nutrients, which could be more in phase with
82 the wild blueberry nutrition requirements (Mallory and Smagula, 2012). However, organic
83 fertilizers have the tendency to increase soil pH which can have a negative effect on ericoid
84  mycorrhizal fungi, as they are adapted to acid soils (Haynes and Swift, 1985; Caspersen et al.,
85  2016). Regarding their efficiency, Mallory and Smagula (2012) found no significant difference
86  when they compared vyields from fields fertilized with either mineral diammonium phosphate
87  (DAP) or organic fertilizers (seafood waste compost and commercial organic fertilizers). One of
88 the downsides of mineral fertilization, with mineral nitrogen in particular, is the ability of
89 common blueberry weeds to uptake this element more efficiently. Therefore mineral nitrogen
90 fertilization can generate weed proliferation if nothing is done to hamper their development,
91 resulting in the opposite intended effect on blueberry yield (Penney and McRae, 2000; Marty et
92  al,2019).

93 Wild blueberry microbial communities

94  The Ericaceae plant family forms a typical symbiosis within their roots with ericoid mycorrhizal
95  (ErM) fungi (Leopold, 2016). These fungi produce a myriad of extracellular enzymes, allowing
96 them to efficiently degrade multiple organic molecules present in the soil matrix (Kerley and
97 Read, 1995; Cairney and Burke, 1998; Read et al., 2004; Martino et al., 2018). Nutrients released
98 through this process are absorbed by those fungi and transferred to the Ericaceae hosts in
99 exchange of carbohydrates produced by photosynthesis (Pearson and Read, 1973). Therefore,
100 these fungal communities can play a major role in their host nutrition (Vohnik et al., 2005) and
101  studies have shown that inoculation with different ErM fungi increased plant growth and/or
102 vyield (Wei et al.,, 2016; Wazny et al., 2022). It has even been stated that the ability of wild
103  blueberries to thrive in their harsh environment is due to this mycorrhizal symbiosis (Cairney
104 and Meharg, 2003; Mitchell and Gibson, 2006). Furthermore, ErM fungi could also protect their
105 host against trace metals toxicity through exclusion mechanisms (precipitation or fixation of

106  metal ions outside of the plant cell, suppression of influx transporters, increased efflux of metal
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107 ions) or sequestration mechanisms (translocation of metal ions into subcellular organs where
108 they are less toxic) (Perotto et al., 2002; Meharg, 2003; Mitchell and Gibson, 2006). Finally,
109 other authors have shown that they increase their host tolerance to abiotic stress such as
110  drought (Mu et al., 2021). Hence, a better understanding of these communities is important to
111  minimize any disturbance of these beneficial fungi, and to try to harness their ecological service.
112  In addition to the fungal community, bacteria are also regularly explored when studying plants’
113  rhizosphere and root microbiome (Adesemoye et al., 2009; Yang et al., 2009; Berendsen et al.,
114  2012). To date, only a limited number of investigations have focused on the bacterial
115 communities of wild blueberries or Ericaceae in general. However, bacteria could also be of
116  importance, as studies have reported that Rhizobacteriales represented a large portion of wild
117  blueberry rhizosphere bacterial communities (Morvan et al., 2020; Morvan et al., 2022).
118  Furthermore, some of these Rhizobacteriales identified have previously been reported to be
119 capable of nitrogen fixation, a number of which correlated to the wild blueberry leaf nitrogen
120 content (Morvan et al.,, 2020; Morvan et al., 2022). Nevertheless further investigations are
121  required to demonstrate nitrogen fixation by these bacteria in a wild blueberry soil setting.
122 Additionally, the Rhizobacteriales order was also found to be abundant in multiple Ericaceae
123  species (Timonen et al., 2017). Several other bacteria found in abundance in a previous study
124  (Morvan et al.,, 2022) have previously been characterized and produce carbohydrate-active
125 enzymes, enabling them to degrade multiple carbon sources, as is the case for several
126  subdivisions of the Acidobacteriales order (Kielak et al., 2016), and Isosphaerales order
127  (Kulichevskaya et al., 2016). Consequently, the bacterial community could also be of importance

128  for the wild blueberry nutrition.

129 Fertilization effect on microbial communities

130 Fertilization provides additional nutrients to crops, but can also strongly influence the plant’s
131  microbiome (Weese et al., 2015 ; Li et al., 2020; Beltran-Garcia et al., 2021). This can depend on
132  the species and growth stage of the plants, the conditions of cultivation (agricultural or
133  unmanaged), the type and composition of the nutrients applied (mineral or organic), the

134  application rate and the duration of fertilization (short or long term). Wild blueberries present a
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135 unique case, as the soils they grow in are acidic and they require relatively low amounts of
136  nutrients. For instance, the recommended dose of ammonium sulfate in Quebec for wild
137  blueberry is relatively low, between 30 and 70 kg N.ha-1 on a two-year cycle (Lafond and Ziadi,
138 2011; Lafond, 2020; Marty et al.,, 2019), whereas for spring wheat for example, the
139 recommended N rate ranges from 90 to 120 kg N.ha-1 annually depending on soil texture
140 (Nyiraneza et al., 2012). Although the mineral nitrogen fertilizers recommended for wild
141  blueberry are ammonium-based (Lafond, 2009; Lafond, 2018), the lower amounts applied
142  compared to other commercial crops might mitigate soil acidification and therefore lower the
143  impact on the soil micro-organisms. To date, only one study has investigated the impact of
144  fertilization on the wild blueberry microbiota. By testing different rates of N-P-K fertilizers (from
145 0 to 60 kg.ha-1) a study found a significant increase in ErM colonization when 35 kg.ha-1 of N in

146  the form of urea was applied in the vegetative season (Jeliazkova and Percival, 2003).
147

148 The aim of our study was to document the effects of two types of fertilizers (organic and
149  mineral forms) on fungal and bacterial root and rhizosphere microbiota. Since fertilizers are only
150 applied during the vegetative growth stage, we wanted to investigate if any fertilizer effect on
151 the fungal and bacterial communities could be observed a year after its application. Our
152  hypotheses were: (1) the application of fertilizers at the beginning of the pruning growth stage
153  will cause a shift in fungal and bacterial community composition, and if these shifts are
154  observed, they will be stronger in the pruning growth stage than in the harvesting growth stage;
155  (2) the mineral fertilisation will reduce the occurrence of ErM species as the plant will have
156  readily accessible nutrients and are therefore less likely to require symbionts to sustain its
157 needs ; (3) the application of organic fertilization will increase the abundance of known ErM

158  fungal species in the roots.
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159 Materials and Methods

160 Experimental design

161 The experiment took place at the Bleuetiere d’Enseignement et de Recherche located in
162  Normandin, Quebec (48°49'40.2"N 72°39'36.9"W) in the North temperate zone (mean annual
163  temperature: 0.9°C, annual precipitation: 871 mm (Government of Canada, 2021). This field was
164  converted to blueberry production in 2005, and has been attributed for research purposes since
165 2016. The experiment took place in four adjacent fields, half containing the harvesting growth
166  stage fields and the other the pruning growth stage fields. In each field, two blocks contained
167  three 15x22m plot fertilization treatments (mineral, organic, none) resulting in four replicates
168 for each fertilization and growth stage status for a total of 24 plots. Fertilization was applied
169  during the pruning growth stage for all treated plots, before plant emergence, in early June.
170  Therefore, in our study the pruning growth stage plots were fertilized in June 2019, and the
171  harvesting growth stage plots were fertilized in June 2018 (Supplementary Figure 1). The
172 mineral fertilization consisted in applying ammonium sulfate, triple superphosphate, potassium
173  sulfate and borate (Millibore) at a rate of 50 kg of N.ha-1, 30 kg of P205.ha-1, 20 kg of K20.ha-1
174  and 1.24 kg of B.ha-1 respectively. The organic fertilization provided the same concentration of
175 N, P, K and B but using Actisol (5-3-2), a commercial natural hen manure fertilizer as well as the

176  same dose of borate (Millibore).

177 Soil chemical properties

178  Soil samples were extracted on the 29th of September 2019 in both the pruning and harvesting
179  plots, using a soil corer with a 2.54 cm (1 inch) diameter at a rate of three pseudo-replicates per
180 plot. The three pseudo-replicates were pooled into one sample once the organic layers (0 cm to
181 5 cm depth) and mineral layers (5 cm to 20 cm depth) were separated in the lab. Both layers
182  were dried and sieved through a 2 mm mesh. Soil pH was measured using distilled water at a
183 rate of 1:2 (Hendershot et al., 2007). Phosphorus, potassium, calcium and magnesium were
184  extracted using Mehlich 3 solution (Ziadi and Tran, 2007). Phosphorus was quantified using
185  colorimetry (Murphy and Riley, 1962), potassium with flame emission spectrophotometry while

186  an atomic absorption spectrophotometer was used for calcium and magnesium (Perkin Elmer
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187  AAnalyst 300, Uberlingen, Germany). Finally, nitrate, nitrite and ammonium were also measured
188 by proceeding with a 1 M KCl extraction followed by a colorimetric dosage on a Lachat
189  colorimeter (Hach Company, USA) using Quikchem® Method 12-107-06-2-A for ammonium, and
190 Quikchem® Method 12-107-04-1-B for nitrate and nitrite (Maynard et al., 2007).

191 Agricultural data

192  For the pruning year, leaves nutrient concentrations (N, P, K, Ca and Mg) were measured after a
193  humid digestion of dried crushed leaves samples with a mixture of selenous acid and sulfuric
194  acid - peroxyde (lsaac and Johnson, 1976; Lafond, 2009). For the harvesting year, these
195 nutrients were measured in fruits instead of leaves, using the same method. Yields were also
196  measured during the harvesting year using a mechanized harvester with a 1.5 m wide comb
197 (rake) mounted on a Kubota F90 series tractor. The fruits were weighed directly in the field, but
198 asub-sample of 1 kg of blueberries was cleaned in the lab to remove debris (leaves, stems). The
199 proportion accounted by the weight of debris was measured to apply a correction on the total

200 fruit yield harvested.

201 Microbial community analyses
202 Sampling

203  For the microbial community analysis, samples were collected between the 5" and 14™ of
204  August 2019. The sampling consisted in the collection of three, 10 cm wide and approximately 5
205 cm deep, clumps of organic soil per plot, containing blueberry rhizomes. Samples were placed in
206  Ziploc bags, kept and transported into a cooler on ice until they could be placed at -20°C. Frozen
207  samples were thawed to extract clumps of roots and soil from the original sample. The clumps
208 obtained from the three pseudo-replicates were pooled into 50 mL Falcon tubes with pierced
209 cap in order to freeze-dry the samples. The freeze-dried soil samples were then sieved through
210 1 mm mesh to remove coarse organic matter and pebbles. Roots and rhizomes were picked out
211  of the sieve and placed in separate Ziploc bags. The resulting soil material, here forth named
212  rhizospheric soil, contained thin root fragments that couldn’t be removed as well as organic

213 matter. The rhizospheric soil was ground to homogenize the material to a fine powder. For the
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214  roots, we selected roots fragments with a diameter <1 mm in order to focus on the youngest

215 roots and made sure to manually eliminate any visible soil particles.

216

217 DNA extraction and PCR amplification

218 The DNA extraction, amplification and sequencing protocol was similar to the one described in a
219  previous study (Morvan et al., 2022). For the rhizosphere, 150 mg of soil were weighed to carry
220 out the DNA extraction using the DNeasy PowerSoil kit (Qiagen, Toronto, ON) following the
221  manufacturer’s protocol with the following modification: for cell lysis, samples were placed in
222  Tissuelyser Il (Qiagen, Toronto, ON) instead of a vortex for 14 cycles of 45s each at speed 4.0.
223 For the roots, we used 20 mg of ground roots to extract DNA using the DNeasy Plant kit (Qiagen,

224  Toronto, ON) following the manufacturer’s instruction.
225

226 In addition to the DNA sample extraction, we included two negative controls consisting of DNA
227  extraction of autoclaved and filtered water instead of either the roots or the rhizosphere soil.
228  An additional PCR negative control was included by Genome Quebec. Two mock communities,
229  fungal and bacterial, were also included in the sequencing procedure as positive controls. The
230  fungal mock community was designed by Matthew G. Bakker and contains 19 fungal taxa
231  (Bakker, 2018). In our experiment, we used the “even community” containing an equal amount
232  of the 18S rRNA gene. The bacterial mock community contained 20 species (Supplementary
233 Table 1) with equimolar counts (10° copies/uL) of 16S rDNA genes (BEI Resources, USA). DNA
234  extracts were stored at -20°C until they could be sent for amplification and sequencing by

235  Genome Québec Innovation Center (Montréal, QC, Canada).
236

237  For the bacterial community, we targeted the V3-V4 region of 16S rDNA with the primers 341(F)
238 and 805(R) resulting in an expected amplicon size of approximately 464 base-pair long (Mizrahi-
239 Man et al.,, 2013). The sequencing platform (Centre d’expertise et de services GEnome Québec,
240 Montréal, QC) uses four versions of each primer (staggered primers) in order to increase base

241  diversity in the Miseq flow cell. For the fungal community, we used the ITS3KYO(F) and ITS4(R)

10
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242 primers to target the ITS2 region located between the 5.8S and LSU region of the ribosomal RNA
243  gene (Toju et al., 2012). The approximate amplicon length obtained with this pair of primers
244 was 330 base-pair but this region is known to have varying length (Toju et al., 2012). Both sets
245  of primers were coupled to CS1 (forward primers) and CS2 (reverse primers) tags that allow for
246  barcoding. A second PCR was used to add a unique barcode per sample as well as i5 and i7
247  lllumina adapters that bind to the flow cell. Sequencing was conducted on an Illumina MiSeq

248  using a paired-end 2 x 300 base-pair method (Illumina, San Diego, CA, USA).

249 Sequencing data processing

250 The sequencing data processing was identical to the one used in Morvan et al., (2022) as the
251  sequences originated from the same sequencing run. Briefly, we used the DADA2 pipeline
252  (Callahan et al., 2016a) in R (R Core Team, 2021) to process the raw fastq files. We processed
253  the mock communities on their own in order to avoid any influence of our samples on the
254  inferred mock ASVs. For both the fungal and bacterial datasets, we used cutadapt (Martin,
255  2011) in order to remove the primers, their complements, reverse and reverse complements by
256  indicating the primers’ nucleotide sequences. For the fungal dataset, we proceeded with the
257  filtering step using maxEE(2,2) and minLen(50) which removes sequences that are shorter than
258 50 nucleotides long. Regarding the bacterial dataset, we set truncLen to (270,240) and maxEE
259  (2,2) based on a visual assessment of the quality profiles. After the different filtering step both
260  bacterial and fungal dataset followed the same pipeline that used the default settings except
261 those mentioned hereafter. In the learning error rates step, we used randomize = TRUE, in the
262  sample inference step, we used “pseudo” as a pooling method and accordingly the “pooled”
263  method for the bimera removal step. In order to add a taxonomy assignment to our inferred
264  ASVs, we used the implemented naive Bayesian RDP classifier with the assignTaxonomy()
265  function. For the bacterial dataset, we used the SILVA reference database and two UNITE
266  databases for the ITS sequences. Based on the taxonomy obtained, we removed non-bacterial
267  ASVs as well as ASVs that were annotated as chloroplasts and mitochondria in the 16S dataset.
268 The UNITE fungal reference database resulted in every ASVs to be labelled as Fungi but many
269  sequences did not have an assigned Phylum. We compared this taxonomic assignment to a

270  second one obtained by using UNITE’s eukaryotic reference database. Most of the unknown

11
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271  phyla fungi were labelled as non-fungal when using the eukaryotic reference database and were
272  therefore removed in the ITS dataset. We then proceeded to further refine our datasets by
273  removing singletons and doubletons (ASVs with a total abundance of 1 or 2) as they may be

274  sequencing artefacts.

275 Statistical analyses

276  All analyses were performed in R version 4.1.1 (R Core Team, 2021) and figures were generated
277  using the ggPlot2 R package (Wickham, 2016). We looked at each growth stage separately as
278  the harvesting and pruning blocks were not grouped together and had a different fertilization

279  legacy.

280 Microbial data

281 To check if our sequencing depth allowed to capture most of the bacterial and fungal
282  communities, we generated rarefaction curves using the rarecurve() function of the vegan R
283  package (Oksanen et al., 2020). We used the phyloseq R package (McMurdie and Holmes, 2013)
284  to facilitate data handling and to generate alpha diversity and beta diversity plots. We used
285  Metacoder (Foster et al., 2017) for a more thorough analysis of the taxonomy of each dataset
286 by plotting the ASV number and the relative abundance per taxa up to the genus level using the

287  heat_tree() function.

288 Phylogenetic trees

289 In order to take into account the phylogenetic distance between the inferred ASVs, we built a
290 phylogenetic trees following the method used in Callahan et al., 2016b. First, a sequence
291 alignment was generated using AlignSeqs() from DECIPHER (Wright, 2016). We then used the
292  phangorn package (Schliep, 2011) to compute a distance matrix under a JC69 substitution
293  model using dist.ml(). A neighbour-joining tree was then assembled onto which we fitted a
294  generalized time-reversible with Gamma rate variation (GTR + G+I) model using optim.pml().

295 The resulting trees were then added to their respective phyloseq objects.

12
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296 Alpha and beta diversity

297 The Simpson and Shannon-Weaver alpha diversity indices were computed using the
298  plot_richness() function of phyloseq. Statistical differences between the different fertilization
299 treatments were checked using one-way ANOVA's in a similar fashion than for soil and

300 agricultural data (see above).

301 To assess the similarity of microbial communities, we relied on a beta diversity analysis using
302 two different dissimilarity metrics. We took into account the compositional nature of
303 sequencing data by choosing appropriate dissimilarity metrics (Gloor et al., 2017). First, we
304 chose the Aitchison distance which consists in transforming the sequence abundances using a
305 centered log ratio transformation before computing the Euclidean distance between sites
306 (Quinn et al., 2018). Second, to take into account the phylogenetic distance between the
307 sequences, we used the phylogenetic isometric log-ratio transformation PhILR before
308 computing the Euclidean distance between sites (Silverman et al., 2017). Principal component
309 analysis (PCA) ordinations based on both of these dissimilarity allowed to visualize the samples
310 resemblance based on their microbial communities. To test the significance of the differences
311 observed, we used vegan’s adonis2() function with 999 permutations and taking into account
312 the experimental blocks. The homogeneity of dispersion assumption was checked using

313  betadisper() and permutest() both in the vegan R package (Oksanen et al., 2020).

314 Representative taxa

315 Metacoder was used as a finer approach than the beta diversity analysis, to detect significant
316 differences in each taxonomic rank between the burning intensities (Foster et al., 2017). The
317 compare_groups() function was used after quantifying the per-taxon relative abundance using
318 calc_taxon_abund(). This function computes a nonparametric Wilcoxon Rank Sum test to detect
319 differences taxon abundance in different treatments. In order to take into account the multiple
320 comparisons, we corrected the p-values of the Wilcoxon Rank Sum test with false discovery rate
321  (FDR) correction using the p.adjust() function of the stats R package (R Core Team, 2021). After
322  setting a threshold of 0.05 for the p-value, we used the heat_tree_matrix() to plot statistically
323 different taxa based on their abundance using the log2 ratio of median proportions.

324  Additionally, we also proceeded with an indicative species analysis to identify specific species
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325 representative of predefined groups of samples based on the species abundance and fidelity.
326  Prior to this analysis, we agglomerated the ASVs at species level based on the obtained
327 taxonomy. The significance of the results were obtained with permutation tests (9999
328 permutations) followed by an FDR correction to account for multiple testing. We used the

329  multipatt() function of the indicspecies R package (de Caceres and Legendre, 2009).

330 Redundancy analysis

331 We used constrained ordination in the form of distance-based redundancy analysis (db-RDA) to
332  detect if the variation in the microbial datasets was linked to the variation of other variables
333  such as fertilization, soil chemistry or agricultural variables, in a similar fashion as what was
334 done in another study (Atashgahi et al., 2015). Prior to these analysis the ASVs were
335 agglomerated using phyloseq function tax_glom if they had a similar species assigned. We used
336 the distance matrices used for the beta diversity (Aitchison and PhILR distances) as the response
337 variable and either the fertilization treatments, soil chemistry or agricultural variables as the
338 explanatory variables. The fertilization treatments were converted to dummy variables
339 (Legendre and Legendre, 2012). The soil chemistry and agricultural variables were standardized
340 and we removed collinear variables prior to the db-RDA. The significance of the analysis was
341  tested using permutation tests with the anova.cca() function of the vegan R package (Oksanen

342  etal, 2020).

343 Accession number

344  The microbial sequences have been deposited in the NCBI GenBank Sequence Read Archive

345 under

346 the accession number PRINA995568: https://www.ncbi.nlm.nih.gov/bioproject/PRJINA995568.

347 Results

348 Microbial community overview

349
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350 For bacteria, raw sequencing data resulted with an average of 87 000 reads per sample in both
351 the rhizosphere and root samples. In the rhizosphere, the DADA2 pipeline filtered out almost
352 80% of the initial reads, while more than half of these initial reads were kept for the root
353 samples. Despite this difference, approximately the same number of ASVs per sample were
354  obtained in both compartments (Table 1). Additionally, 16 Archaeas, 69 Chloroplasts and 39
355 Mitochondrias ASVs were removed, along with 1128 ASVs that were only present once or twice
356 across the dataset. After these steps, and excluding the control samples, 5869 bacterial ASVs
357 summing up to 1 008 592 reads were spread across 48 samples. Despite the severe data loss
358 during this filtering process, the rarefaction curves obtained for the bacterial community show
359 clear inflexion points, and sometimes even reach a plateau. This indicates that much of the
360 diversity has been captured, despite data loss during the filtering step (Supplementary Figure 2).
361 Looking at the negative controls, we found five common ASVs in the rhizosphere extraction
362 blank and in our dataset as well as 9 ASVs common in the root extraction blank and our dataset.
363  Although they could originate from contamination, we did not exclude them from our dataset
364 and treated these ASVs with caution in downstream analysis. The bacterial mock community
365 identified 18 out of the 20 species present in the mock, and the two remaining were correctly
366 assigned to the genus level. We did not observe any abundance bias towards a particular
367 taxonomic lineage, though the mock lacked both Acidobacteriota and Planctomycetota
368 representative taxa while these two phyla represent a significant proportion of the community

369 found in our dataset.

370 Table 1 - Bioinformatic steps

Bacteria Fungi

Rhizosphere Root Rhizosphere Root
Initial read number 87 698 £ 13 678 86958+ 10534 66 848 + 10508 67 764 + 14 224*
DADA?2 processed 19658 +6 329 47 913 + 8646 29412 + 5057 30312 + 8185*
ASVs inferred 1229+ 155 1103 +£375 201 +52 89 + 30*
Total reads and ASV number 1716 653 reads and 7 233 ASVs 1744 228 reads and 1352 ASVs
Taxonomy filtering and
singletons and doubletons 1 008 592 reads and 5869 bacterial ASVs 560 165 reads and 1065 fungal ASVs
removal

*Excluding sample 69Mro
371
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372  For the fungal dataset, we obtained an average of 67 000 raw reads per sample, excluding
373  sample 69Mro. This sample initially contained a far superior number of reads (483 297), which
374 could be due to a volume error added to the ITS pool for this sample (error during
375 quantification) according to Genome Quebec. After the DADA2 filtration steps, we conserved
376  44.0% and 44.7% of the initial reads for the rhizosphere and root samples respectively (Table 1).
377  Finally, we removed 206 non-fungal ASVs as well as 55 singletons and doubletons resulting in
378 1065 ASVs and 560 165 reads for 48 samples in our fungal dataset (excluding controls and mock
379 community). In the end, after the filtering process, the 69Mro sample contained 34 665 reads
380 dispatched in 73 ASVs compared to 4739 + 2215 reads and 68 + 28 ASVs in the other root
381 samples. Similarly to bacteria, the rarefaction curves obtained for the fungal community
382 indicate that we were able to capture most of the diversity even though more than half of the

383 initial sequences were lost during the filtering process (Supplementary Figure 3).

384 In terms of negative control, we only found one ASV assigned to Pezoloma ericae both present
385 in our dataset and in the rhizosphere extraction blank. This fungus is commonly found in the
386  blueberry root environment. Although this ASV could have originated from a possible
387 contamination from the control and could skew the abundance of this taxon in our dataset, we
388  kept the ASV as it was commonly found across the dataset regardless of the fertilizer treatment.
389  Our pipeline assigned the correct genus for 17 of the 19 species present in the fungal mock
390 community, and 10 of which had a correct species assignment. Although we used the even
391  mock community (equal 18S rRNA gene abundance among strains), Ascomycota taxa were more

392 abundant than Basidiomycota taxa in our sequenced mock.
393  Microbial composition
394 Bacteria

395 The bacterial community was mainly composed of four phyla : Actinobacteriota (1015 ASVs,
396 36.7% of relative abundance (RA)), Acidobacteriota (720 ASVs, 20.2% RA), Proteobacteria (1199
397  ASVs, 19.4% RA), and Planctomycetota (1024, 13.3% RA) (Supplementary Figure 4). In these four
398 phyla, one order always stands out: Rhizobiales for Proteobacteria (208 ASVs, 10.0% RA),
399 Frankiales for Actinobacteriota (256 ASVs, 18.1% RA), Acidobacteriales for Acidobacteriota (333
400 ASVs, 12.9% RA), and Isosphaerales for Planctomycetota (272 ASVs, 9.2% RA). At a finer scale,
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401 we observe several taxa with a higher relative abundance than the rest of the community. For
402 instance, the Roseiarcus genus (38 ASVs, 2.1% RA) is the most abundant of the Rhizobiales
403 order, as is the case for the Acidothermus (210 ASVs, 17.4% RA) and Mycobacterium (72 ASVs,
404 4.8% RA) genera belonging to Actinobacteriota. The Isosphaerales are dominated by the
405  Aquisphaera genus (101 ASVs, 6.9 % RA) while the Acidobacteriales order is more evenly
406  distributed with the Occallatibacter (70 ASVs, 2.6 % RA), Acidipila-Silvibacterium (37 ASVs, 2.6 %
407  RA) and Granulicella (65 ASVs, 1.3 % RA) genera. Finally, the Conexibacter genus comprised of
408 142 ASVs, representing 3.1% of the relative abundance, dominates the Solirubrobacterales
409 order while the Bryobacter and Candidatus Solibacter are two other dominant genera of the

410 Acidobacteriota phylum with 110 AVS, 1.9% RA, and 94 ASVs, 1.6% RA respectively.

411 Fungi
412  Overall, the fungal community was clearly dominated by the Ascomycota phylum comprised of
413 794 ASVs summing up to 92.9% of the relative abundance (Supplementary Figure 5). A high
414  proportion of the Ascomycota belongs to the Helotiales order (327 ASVs, 52.8 % RA) followed by
415 the Chaetothyriales order (116 ASVs, 25.5% RA). The Basidiomycota phylum (219 ASVs, 6.7%
416 RA) was dominated by the Agaricales order (84 ASVs, 4.0% RA) while other phyla were
417  represented by fewer ASVs and low relative abundances. At a finer level, a couple of taxa stand
418 outin the Helotiales order : Pezoloma ericae (24 ASVs, 16.2% RA), Oidiodendron maius (4 ASVs,
419  9.2% RA), Phialocephala fortinii (7 ASVs, 2.8% RA), Hyaloscypha variabilis (17 ASVs, 2.8% RA) as
420 well as the Belonopsis genus (11 ASVs, 5.0% RA). The Chaetothyriales order is dominated by the
421  Herpotrichiellaceae but the taxonomic resolution is quite poor with 53 out of 71 ASVs with no

422  assigned genus. The Agaricales order is dominated by Clavaria sphagnicola (13 ASVs, 2.5% RA).

423 Fertilization effect

424  In the fungal dataset, the PERMANOVA tests indicated a significant effect of fertilization on the
425  fungal communities (except when using the PhILR distance on the productive stage samples)
426 and fertilization explained approximately 10% of the variance in the datasets. Similarly,
427  fertilization was significant for the bacterial datasets regardless of the distance used or the

428  growth stage and it explained 10 to 15% of the variance. For both fungi and bacteria, we found
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429 no interactions between plant compartment and fertilization (Table 2 and Supplementary Table

430  2).

431 Table 2 — Effect of plant compartment and fertilization on bacterial and fungal communities in
432  pruning and harvesting years using PERMANOVA test on PhILR distance matrices.

Pruning Harvesting

Factor df Bacteria Fungi Bacteria Fungi

R? e Fvalue (p value)
Plant compartments (Pc) 1 0.20 ¢ 5.97 (0.001) 0.19 « 4.93 (0.001) 0.29 ¢ 9.54 (0.001) 0.18  4.74 (0.001)
Fertilization (Fe) 2 0.15¢2.25(0.003) 0.10 * 1.36 (0.049) 0.13 ¢ 2.17 (0.015) 0.09 ¢ 1.21 (0.112)

Pc x Fe 2 0.05¢0.68(0.867) 0.03 ¢ 0.45 (1.000) 0.04 » 0.67 (0.862) 0.04 * 0.55 (0.986)
Note : df, degree of freedom; significant results are in bold

433

434  As plant compartments had a stronger on the microbial communities than fertilization, we
435 decided to look at each compartment individually in order to have a clearer interpretation of
436 the fertilization effect. Consequently, there were four combinations between the growth stages
437  and the plant compartments. We used abbreviations : VG (vegetative growth stage) for the
438  pruning year and PD (productive growth stage) for the harvesting year as well as RO and RH for

439  roots and rhizosphere compartments respectively.

440 Fertilization on alpha diversity

441 In the pruning year, for bacteria, we found a significant difference between the mineral
442  treatment and the control for the Shannon-Weaver index in both compartments, with a higher
443  alpha diversity index for the control (Figure 1A). We observe the similar trend with the Simpson
444  diversity index but the difference between treatments are not significant (data not shown). For
445  fungi, the Shannon-Weaver index of the organic treatment was significantly lower (2.66 + 0.5)
446  than the control (3.42 + 0.185) and mineral treatment (3.18 + 0.185) in the VGXRO combination.
447  No significant differences were observed for the rhizosphere samples (Figure 1B). Finally, in the
448  harvesting year, no significant differences were observed on both alpha diversity indices for
449  fungi or bacteria regardless of the growth stage and compartment combinations analyzed (data

450 not shown).
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452  Figure 1. Shannon diversity indices for (A) the bacterial community and (B) the fungal
453 community in the pruning year for each fertilization treatment. Both plant compartments
454 were analyzed with roots in the left column and rhizosphere in the right column. The letters
455 indicate a significant difference between the alpha diversity index found in each plant
456 compartment according to Tukey’s post-hoc test.
457 Fertilization on beta diversity and db-RDA

458  For the bacterial community, the PERMANOVA test indicated a significant effect of fertilization
459  in both plant compartments in pruning year (VGxRO p = 0.032 for Aitchison, p = 0.025 for PhILR ;
460 VGxRH bac p = 0.006 for Aitchison, p = 0.014 for PhILR). The post-hoc tests did not give any
461  significant difference on community composition in the three fertilization treatments, but the
462  difference between the unfertilized and mineral fertilisation were nearly significant for the
463  PhILR distances (VGxRO FDR p= 0.093 ,VGxRH FDR p = 0.099) . Additionally, the ordinations did
464  not show a clear separation of the sample based on their fertilization treatment (Figures 2A and
465  Supplementary Figure 6 A). In the productive growth stage, we found no significant effect of

466  fertilization whether in the root or rhizosphere.
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468  Figure 2. PCA ordinations of (A) the bacterial and (B) fungal communities using the PhILR
469 distance as a representation of beta diversity. All the combinations of plant compartment
470 (RO = roots; RH= rhizosphere) and growth stage (VG = pruning year ; PD = harvest year) are
471 presented. Samples are colour-coded according to their fertilizer treatment

472

473  Alternatively, the db-RDA constrained by fertilization indicated a poor explanation of the
474  variance in the composition of bacterial communities with very low adjusted R-squared and
475  nonsignificant tests for the productive growth stage. Significant models for the Aitchison
476  distance were found for both compartments in the pruning year (p < 0.05) but the explained
477  variance was low with only 0.4% and 2.3% for the root and rhizosphere bacterial communities

478  respectively.
479

480 In the fungal community, we did not find any significant difference in beta diversity, in any of
481  the combinations of plant compartment and growth stage. Similarly to the bacterial community,
482  the samples from each fertilizer treatment overlap and no clear partition is observed (Figure 2 B
483  and Supplementary Figure 6 B). Additionally, similar to what was found for bacteria, the db-
484  RDA analysis showed that the variation in fungal community composition was not redundant
485  with the variance explained by fertilization. The only significant model was found with the
486  Aitchison distance on the pruning year root dataset (p = 0.03) but the adjusted R-squared is
487  extremely low (ade2 =0.005).

488

489 As a more detailed approach, we used the soil chemistry of the organic layer data as
490 constraining variables in db-RDAs. In the bacterial dataset, using the Aitchison distance, we
491 obtained a significant db-RDA (p = 0.006993) with phosphorus and nitrate as constraining
492  variables for the VGxRO combination though the adjusted R-squared is low (ade2 = 0.065). Using
493  the PhILR distance, we find that phosphorus, pH, calcium and nitrate are all significant in the db-
494  RDA and that these variables explain 43.5% of the bacterial community composition (ade2 =

495 0.435, p = 0.001) (Figure 3). Aside from Mycobacterium cookii and Mycobacterium celatum, the
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496  bacteria contributing the most to the community composition of the root samples were not
497 characterized to the species level. Several Acidothermus spp. are present on the left side of the
498 graph, in the opposite direction of the pH vector. One Aquisphaera sp. seems to play an
499 important contribution in the bacterial composition of root samples which originate from soils
500 with higher P concentration. Similarly, one Bradyrhizobium sp. contributes to the bacterial
501 composition of root samples which originate from soils with higher soil Ca and NO3
502  concentrations.

503 Additionally, a significant db-RDA was also obtained for the VGxRH combination with
504 phosphorus as the sole constraining variable (p = 0. 03197, ad,-Rz = 0. 052) but only for the
505 Aitchison distance (data not shown).

Influence of organic soil properties on bacterial root community in the pruning year
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507  Figure 3. Distance based redundancy analysis (db-RDA) of the bacterial community of the
508 blueberry roots in the pruning year, using the PhILR distance matrix and scaling 1. Blue
509 arrows represent the explanatory variables, red crosses represent the response variables
510 (bacterial ASVs) and the coloured points represent the samples. The perpendicular distance
511 between bacterial ASVs and soil chemistry axes in the plot reflects their correlations, the
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512 smaller the distance the stronger the correlation. The response variables (bacterial ASVs
513 agglomerated at species level in this case) were annotated by their taxonomy (up to Family
514 rank) if their scores on either axis were superior to |5| for the sake of clarity.

515

516  For the fungal datasets, none of the variables were significant when using the Aitchison distance
517 on the four combinations of growth stages and plant compartments. Using the PhILR distance,
518 we found a significant db-RDA for the VGxRH combination, with phosphorus, pH and nitrate as
519 constraining variables (p = 0.006, adez = 0.31) (Figure 4). Several species stand out, for instance
520 Pezoloma ericae plays an important contribution in the fungal community of rhizosphere
521 samples which originate from plots with higher nitrate concentration and pH. On the other end,
522  Oidiodendron maius is more present in samples which originate from plots with lower soil pH
523  and phosphorus concentration.

Influence of organic soil properties on fungal rhizosphere community in the pruning year
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525  Figure 4. Distance based redundancy analysis (db-RDA) of the fungal community of the
526 blueberry rhizosphere in the pruning year, using the PhILR distance matrix and scaling 1.
527 Blue arrows represent the explanatory variables (soil chemistry), red crosses represent the
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528 response variables (fungal ASVs) and the coloured points represent the samples. The
529 perpendicular distance between fungal ASVs and soil chemistry axes in the plot reflects their
530 correlations, the smaller the distance the stronger the correlation. The response variables
531 (fungal ASVs agglomerated at species level in this case) were annotated by their taxonomy
532 (up to Family rank) if their scores on either axis were superior to | 10| for the sake of clarity.
533 Fertilization on representative taxa

534 In order to have a finer approach than the beta diversity analysis which looks at the whole
535 community, we searched for representative taxa in each of the three fertilization treatments in
536 the four combinations of growth stages and plant compartments using two approaches :
537 indicator species and metacoder differential abundance analyses. However, neither analysis
538 found representative taxa of a fertilizer treatment in either the bacterial and fungal

539 communities.

540 Link between agronomic variables and microbiota

541  As a final analysis, we computed db-RDAs using agronomic variables from both growth stages as
542  constraining variables to test whether the observed variance explained by these variables was
543  redundant with the variance explained by microbial community composition. For fungi, we
544  found no significant results for the harvesting year, and found a weak but significant result for
545  the VGxRO combination using the Aitchison distance (p = 0.04, ad,-R2 = 0.07) (Supplementary
546  Figure 7). In this figure, both Oidiodendron maius and Phialocephala glacialis play an important
547  contribution in samples taken from plots which have lower leaf P and N content contrary to
548  Mycena sanguinolenta and Mollisia cinerea which are more present in samples taken from plots
549  where samples had an increased leaf P and N. For bacteria, we found a significant result was for
550 the VGxRH combination using the Aitchison distance (p = 0.02, adez = 0.04) (Supplementary
551  Figure 8). Multiple Acidothermus spp. play an important contribution in the bacterial community

552  of rhizosphere samples taken from plots than have higher leaf P and N content.

553
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Plant compartment effect

Alpha and beta diversity

Looking at the bacterial alpha diversity in both roots and rhizosphere, we observed a significant
difference for the Simpson index in both the pruning and harvesting growth stages (Kruskal-
Wallis test, p < 0.001) with a higher index for the rhizosphere. The mean Shannon-Weavers
index is also higher for rhizosphere than for roots but the difference is not significant (Kruskal-
Wallis tests, p = 0.069 for the harvesting growth stage, and p = 0.064 for the pruning growth
stage) (Figure 5 A). For fungal communities, the only significant difference was for the Shannon
Weaver index in the vegetative growth stage, with a lower fungal alpha diversity in the roots
compared to the rhizosphere (p = 0.015). There were no significant differences in fungal alpha

diversity in the productive growth stage (Figure 5 B).
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566  Figure 5. Alpha diversity indices for the bacterial (A) and fungal (B) communities in each
567 plant compartment (brown for rhizosphere, green for roots) for each growth. Both indices
568 Shannon-Weaver and Simpson indices are presented. The letters indicate a significant
569 difference between the alpha diversity index found in each plant compartment.

570

571  We obtained significant effects of the plant compartment on the bacterial beta diversity using
572  either the Aitchison and PhILR distances on both the pruning or harvesting subsets
573  (PERMANOVAs p = 0.001) (Figure 6 and Supplementary Figure 9). However, the homogeneity of
574  dispersion assumption was systematically not validated (Betadisper, p <0.05) as shown in the
575  PCA ordinations where the bacterial root community is more dispersed than the rhizosphere
576  (especially when using the PhILR distance) (Figure 6 A). Consequently, the significance of the
577 PERMANOVA tests must be handled with caution, though the visual assessment of the
578 ordinations shows a clear separation between the two plant compartments. Depending on the
579 distance used and on the growth stage, plant compartment explains 10% to 28% of the variance
580 observed. Similarly, we obtained significant effects of the plant compartment on the fungal beta
581 diversity regardless of the growth stage or distance used (PERMANOVAs p = 0.001). For the
582  PhILR ordinations, we observed a higher dispersion of the rhizosphere fungal communities,
583  which was significant for the pruning year (Betadisper, p <0.05) (Figure 6 B). Plant compartment
584  explains 12% to 18% of the variance depending on the growth stage and distance used. The
585 variance explained by each axis of the PCAs are systematically higher in the distance

586 incorporating phylogenetic signals (PhILR).

587
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Figure 6. PCA ordinations of (A) the bacterial and (B) fungal communities using the PhILR

distance as a representation of beta diversity. Both growth stages are presented (left

column : pruning year ; right column : harvesting year). The samples are colour-coded
according to the plant compartment and shaped according to the fertilization treatment

they received.

The differential abundance metacoder plot allows for a finer approach by indicating which taxa
are more abundant in a plant compartment. In the pruning year, across the 7 taxonomic levels,
we found 56 bacterial taxa that have a significant differential abundance in either plant
compartment (Supplementary Figure 10). Overall, the roots are enriched in taxa ranging across
multiple lineages including several Gammaproteobacteria while Planctomycetota, and more
specifically the Isosphaerales order, are more abundant in the rhizosphere. In the Rhizobiales
order, the only significant result concerns the Methylovirgula genus which is more abundant in
the rhizosphere (log2fold ratio = 1.30, FDR p value = 0.03). In the Acidobacteriales order, the

Acidobacteriaceae subgroup 1 is significantly more abundant in the roots (log2fold ratio = 0.85,
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604  FDR p value = 0.04). Finally, in the Actinobacteriota phylum, the dominant Frankiales order did
605 not show any significant difference between plant compartments. In the harvesting year, we
606 found a higher proportion of taxa that have a significant differential abundance (107 taxa on
607 515 in total). The Proteobacteria phylum is significantly more abundant in the roots, with
608 several taxa belonging to Gammaproteobacteria and Alphaproteobacteria having an increased
609 abundance in that plant compartment (Supplementary Figure 11). In the Rhizobiales order,
610  Bradyrhizobium spp. are more abundant in the roots (log2fold ratio = 1.72, FDR p value = 0.03)
611  while the Methylovirgula genus is more abundant in the rhizosphere (log2fold ratio = 1.21, FDR
612 p value = 0.01). Similarly to the vegetative stage, the Planctomycetota phylum and its

613  Isosphaerales order are significantly more abundant in the rhizosphere.
614

615 Looking more closely at this change in fungal community, in the pruning year, we find 80 taxa
616 that have a difference in relative abundance in either plant compartment. Overall, we find
617 numerous taxa belonging to distinct lineages that are exclusive to the rhizosphere compartment
618 (nodes in dark brown in Supplementary Figure 12). In the root compartment, Belonopsis sp.,
619  Philocephala fortinii and Mycena sp. are more abundant with log2fold ratios of 7.39, 4.25 and
620  2.69 respectively (FDR p value < 0.05). In the harvesting year, we obtain 60 individual taxonomic
621 levels with significant changes in relative abundance. The analysis shows that the Helotiales
622  order is significantly more abundant in the roots with a log2fold ratio of 0.66 (FDR p value =
623  0.023) (Supplementary Figure 13). Similar to what was found in the pruning year, Belonopsis sp.,
624  Philocephala fortinii and the Mycena genus were more abundant in the roots with log2fold
625 ratios of 6.74, 3.03 and 3.10 respectively (FDR p value < 0.05). Additionally, Hyaloscypha
626  variabilis was also found to be significantly more abundant in the roots (log2fold ratio = 0.45,
627  FDR p value = 0.047). Finally, numerous taxa were found to be exclusive to the rhizosphere,
628 some of which, like Exophiala xenobiotica or Troposporella monospora were also exclusive to

629 rhizosphere in the pruning year.
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630 Discussion

631 Fertilization has a minimal impact on microbial communities regardless of

632 the growth stage and the compartment.

633  Overall, our results concerning the impact of fertilization on the fungal and bacterial root and
634  rhizosphere communities tend to show a minimal influence in shaping these microbial
635 communities. The only significant differences observed concerned the pruning year samples as

636  expected, because fertilization was applied at the beginning of the pruning year.
637

638 For bacteria, we found that the mineral treatment reduces the bacterial Shannon alpha-
639 diversity index in both compartments compared to the control in the vegetative stage. As the
640 Shannon index is more sensitive to rare taxa than the Simpson index, and that there is no
641 significant change for the Simpson index with fertilization, this suggests that mineral fertilization
642 reduces the occurrence of bacterial rare taxa compared to unfertilized plots. As mineral
643 fertilization tend to reduce soil pH, this effect could contribute to explain our result, as pH is one
644  of the principal variables shaping soil microbial communities. Despite this difference in alpha
645  diversity, we did not find any indicative bacterial taxa nor difference in relative abundance for
646 the three fertilization treatments in any of the growth stage and plant compartment
647 combinations. Therefore, we were not able to identify which rare bacterial taxa were depleted
648 due to mineral nutrient addition. We obtained a significant effect of fertilization in both plant
649 compartments for the bacterial beta diversity in the pruning year. However the post-hoc tests
650 did not result in a significant separation of the bacterial communities of the three treatments.
651  Overall, the bacterial community closely resembles to the one described in Morvan et al., 2022,
652  as both studies use samples obtained from the same blueberry field and at the same time. Once
653 more, the methanotroph and potentially nitrogen-fixing Roseiarcus genus dominates the
654  Rhizobiales order (Kulichevskaya et al., 2014), as is the case for the acidophilic Acidothermus
655 genus in the Frankiales order, and the Aquispharea genus from the Isosphaerales order known

656  for its carbon-degrading enzymes production (lvanova et al., 2017).
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657

658 Regarding the fungal community, we observed a significant reduction of the Shannon index for
659 the organic fertilizer treatment in the root compartment during the pruning year while the
660 mineral fertilization Shannon index is not significantly different from the control. We believed
661 that mineral fertilizers would have a stronger impact on the fungal community than the organic
662  fertilizer. The high standard deviation for the organic treatment (two samples with an index
663 value close to 3, more similar to the mineral treatment and control index values and two
664 samples with an index value close to 2.25) sheds some uncertainty on this result. However,
665  organic fertilizer tend to increase soil pH and as the fungal community is clearly dominated by
666 Helotiales, an order containing many acidophilic species, this pH rise could explain the decrease
667 in fungal diversity. Nevertheless, the PERMANOVA tests indicated no significant difference in
668 beta diversity, in any of the combinations of plant compartment and growth stage and we did
669 not find any fungal indicative taxa nor change in relative abundance in any of the three fertilizer
670 treatments. This lack of significance difference in these analyses when comparing the different
671 fertilizer applications show that fertilization does not seem to impact the composition of the
672  fungal community. Finally, similarly to what is observe with the bacterial community, the fungal
673 community is very close to the one observed in Morvan et al.,, 2022, displaying increased
674 relative abundance of known or putative ericoid mycorrhizal taxa (Pezoloma ericae,

675  Oidiodendron maius, Phialocephala fortinii, Hyaloscypha variabilis, Clavaria sphagnicola).
676

677 In light of our results, our hypotheses are infirmed as (1) we did not witness a clear composition
678 shift in either microbial communities linked with fertilizer application; (2) the mineral
679 fertilisation did not reduce the occurrence of ErM fungi; and (3) the application of organic
680 fertilization did not reduce the abundance of known ErM fungal species in the roots. Our results
681 are consistent with a previous study, which did not observe any significant change on
682  Vaccinium spp. root-associated fungal community composition nor on the assumed ericoid
683  mycorrhizal species under long-term (4 to 12 years) N fertilization (12.5 to 50 kg.ha) in boreal
684  forests (Ishida and Nordin, 2010). Additionally, testing different rates of mineral N-P-K (from 0

685 to 60 kg.hal) in different combinations, Jeliazkova and Percival (2003) found that ericoid
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686  mycorrhizal colonization was not impacted by fertilization. Another study, measuring the effect
687  of variable atmospheric nitrogen deposition rates, ranging from 5.27 to 29.65 N kg.ha*.year™ in
688 ombrotrophic bogs containing Vaccinium oxycoccos, found that the root fungal diversity
689 (Shannon index) was not impacted by nitrogen deposition rates (Boeraeve et al., 2022). The
690 fungal community composition significantly varied with nitrogen deposition rates but this
691 variable did not significantly impact putative ericoid mycorrhizal fungi diversity or composition.
692 In our study, we also obtained sequences matching to known ericoid mycorrhizal species such
693 as Pezoloma ericae, Oidiodendron maius, O. chlamydosporicum, Hyaloscypha variablis, H.
694  bicolor and H. finlandica. However, we did not find any variation in their relative abundance
695  when comparing the three fertilization treatments. In the same study, the authors also find that
696 increasing nitrogen deposition rates did not significantly change the root bacterial community
697 composition (Boeraeve et al., 2022), a pattern similar to what we observe in our experiment.
698  Focusing on the link between fertilization and ericoid mycorrhiza, Kiheri et al., (2020) found no
699  significant increase in colonization in Calluna vulgaris and Erica tetralix (both Ericaceae) in both
700 long-term N deposition and N-P-K fertilization trials (Kiheri et al., 2020). Contrasting results to
701  this absence of a fertilization effect have however been found in other studies. In a long-term
702  fertilization experiment (23 to 30 years), Leopold et al., (2021) measured a decrease in fungal
703  richness and diversity in the Vaccinium calycinum rhizosphere when the soil was supplied with
704  the limiting nutrient (N or P) at a 100 kg.ha™.yr" dose. In a phosphorus addition trial, Pantigoso
705 et al. (2018) measured a shift in bacterial community composition in highbush blueberry
706  rhizosphere when comparing low P (0 and 50 kg.ha™) to high P (101 and 192 kg.ha™) fertilization
707  rates. The authors found an increase in abundance of the Actinobacteria and Bacteroidetes
708 under high P rates while Proteobacteria, Acidobacteria and Verrucomicrobia were more
709  abundant under low P. Although the higher doses of nutrient applied compared to our study
710  could explain these results, in a study on ericoid mycorrhizal richness in several Ericaceae
711  species found in European bogs and heathlands , Van Geel et al., (2020) found that increasing
712 nitrogen deposition from 7 to 25 kg.ha™.yr and soil phosphorus concentration from 0.02 to 14
713  mg.kg' could potentially decrease mycorrhizal richness by 40% and 38%, respectively.

714  Furthermore, when comparing organic and mineral fertilizers applied on V. corymbosum at
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715  equal doses of N-P-K (60-60-60 kg.ha™), Montalba et al. (2010) found that root mycorrhizal
716  colonization was significantly higher with organic fertilizers. The higher mycorrhizal colonization
717  in organic production could be due to the form of nitrogen applied (Sadowsky et al., 2012).

718  Unfortunately, we did not quantify mycorrhizal colonization in our study.
719

720  The fact that we did not see a strong impact of fertilization on microbial communities could be
721  explained by the limited impact of fertilization on soil chemistry. Indeed, in the pruning year, pH
722  was the only variable that significantly varied between fertilizer treatments (pH for mineral
723  fertilization samples was significantly lower than pH for organic fertilization samples) (Schmitt et
724  al., to be published). Finding a trend of higher pH in the organic treatment and a lower pH in the
725 mineral treatment was to be expected as ammonia tends to acidify the soil (Geisseler and Scow,
726  2014), while organic fertilizers have already been reported to increase pH (Haynes and Swift,
727  1985; Caspersen et al., 2016). However, the changes in soil chemistry were perhaps too minimal
728  to cause any significant shifts in the fungal and bacterial communities. Another important point
729  to consider is that fertilization occurred in early spring in the pruning year, while soil samples for
730 DNA sequencing were collected approximately 2.5 months after these treatments had occurred.
731  Soil chemistry was measured even later, at the end of September. This lapse of time between
732 fertilization and sampling could be another factor that could explain why we did not find any
733  major changes in the soil ecosystem; the possible initial perturbation of the microbial
734  community caused by fertilization faded with time as the available nutrients were depleted
735 from the organic soil layer. In the harvesting year, the time between fertilization and sampling
736  are even more temporarily apart. A time-series experiment with regular sampling during the
737  summer could show the dynamic of soil chemistry, and microbial community changes caused by
738  fertilization. This type of study would allow to show if the impact of fertilization on the microbial
739 communities is short-lived (<2.5 months) or if the microbial community is resistant to these
740  changes of conditions. However, some of the results obtained with the db-RDAs constrained by
741  soil chemistry make sense such as the bacterial genus Acidothermus being more abundant in
742  samples originating from plots with lower pH (Figure 3). This genus has a single species

743  described to date, A. cellulolyticus, isolated form the Yellowstone hot springs, and whose
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744  genome was sequenced (Barabote et al., 2009). As the name implies, this bacteria is both
745  thermophilic and acidophilic. The thermophilic aspect may be surprising in a wild blueberry soil
746  but temperature records show that soil temperature in this blueberry field often reaches 40°C,
747  with a max temperature of 53.07°C in the summer 2021. A. cellulolyticus was also characterised
748  as producing several carbohydrate active enzymes, including chitinase (Barabote et al., 2009).
749  Despite the low amount of variation explained in the db-RDA constrained by leaf chemistry, the
750 fact that Acidothermus spp. play an important contribution of the bacterial community in
751 samples with higher leaf P and N content, could be linked to this hydrolytic activity

752  (Supplementary Figure 8).

753
754 Bacterial and fungal diversity and community composition change with
755 plant compartments

756  Regarding bacteria, we found a significant difference in the Simpson diversity index between
757  rhizosphere and roots in the samples from both growth stages. However, no significant
758  difference was found for the Shannon diversity index. These results are in line with numerous
759  studies which find a higher diversity in the rhizosphere compared to the roots as the plant
760  selection pressure is increased in its organs (Reinhold-Hurek et al., 2015; van der Heijden et al.,

761  2015).
762

763  We also obtained significant community shifts between rhizosphere and roots for both the
764  Aitchison and PhILR distances and a clear separation of both communities in the ordinations
765  using these distances. The bacterial root samples tend to contain more phylogenetically distant
766  taxa than the rhizosphere as samples are more dispersed in the ordinations plots based on the
767  PhILR distance. Finally, looking at the most abundant phyla, the Metacoder plots indicate a
768 higher relative abundance of Planctomycetota (P) — Isosphaerales (O) in the rhizosphere while
769  several Proteobacteria are enriched in the roots. Species belonging to the Isosphaerales order
770  contain numerous carbohydrate-active enzymes suggesting their ability to use a wide range of

771 natural carbohydrates (lvanova et al., 2017). Several of these Isosphaerales including the

34


https://doi.org/10.1101/2023.07.24.550391
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.24.550391; this version posted July 26, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

772  Aquispharea genus were also found in abundance in the wild blueberry rhizosphere in a
773  previous study (Morvan et al., 2022). As wild blueberry roots are mainly found in the soil organic
774  layer, finding an increased abundance in hydrolytic bacteria in the rhizosphere is coherent.
775  Bradyrhizobium spp. were more abundant in the blueberry roots than in the rhizosphere in the
776  productive year. This genus is widely known for its nitrogen fixation capacity in legume nodules.
777  Nevertheless, this genus is also found as an endophyte in non-legumes roots and may
778  contribute to N2 fixation (Yoneyama et al., 2017; Rosenblueth et al., 2018; Hara et al., 2019) but
779 can also show an absence of nitrogen contribution (Schneijderberg et al., 2018). Hence, an in-
780  depth characterization of the Bradyrhizobium spp. present in the blueberry roots is required to
781  elucidate their nitrogen fixation ability. The Methylovirgula genus more abundant in the
782  blueberry rhizosphere than in the roots, was isolated in 2009 from beechwood blocks at the
783  surface of an acidic (pH 3.3-3.6) forest soil and the two isolates were also able to fix dinitrogen

784  (Vorob'ev et al., 2009).

785  For the fungal community, alpha diversity was only significantly higher in the rhizosphere of the
786  vegetative stage samples with the Shannon index, suggesting that it was enriched in low
787 abundance taxa. Fungal community composition was also significantly different when
788 comparing plant compartments as it can be seen on the ordinations. Contrary to bacteria, the
789  fungal root samples tend to have communities that are more phylogenetically close to one
790 another when the rhizosphere communities are more phylogenetically different. In both growth
791  stages, many fungal taxa are exclusive to the rhizosphere including known ericoid mycorrhizal
792  fungi such as Oidiodendron chlamydosporicum and Hyaloscypha finlandica. However the dark
793  septate endophyte Phialocephala fortinii as well as the Mycena genus are consistently more
794  abundant in the roots. P. fortinii commonly colonizes Ericaceae roots and could have a
795  beneficial effect on their fitness (Vohnik et al., 2005; Newsham, 2011; LukeSova et al., 2015). As
796 for the Mycena genus, Grelet et al., (2017) have proposed that this genus, previously
797 characterized as a generalist saprotroph, could be transitioning between a full saprotrophic and
798 a symbiosis lifestyle. The authors obtained a comparable increase of growth in seedlings of
799  Vaccinium corymbosum inoculated with either Mycena galopus or Pezoloma ericae, and

800 observed peg-like structure in the root cells inoculated with M. galopus. However, as we did not
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801 look at colonization, we cannot confirm if we had a similar structure in the Vaccinium
802 angustifolium roots that served to extract DNA. Another Mycena species, M. sanguinolenta,
803  was also found to play an important contribution to the fungal community of samples with a
804 higher P and N leaf content, along with Mollisia cinerea (Supplementary Figure 7). Mollisia is an
805 understudied fungal group that contain a range of lifestyles from saprotrophs to endophytes,

806 similar the phylogenetically close Phialocephala genus (Tanney and Seifert, 2020).

807

808 Conclusion

809 The results of our study indicate a minimal impact of fertilization on both the fungal and
810  bacterial communities of the rhizosphere and roots of Vaccinium angustifolium. Fertilization is
811 clearly worthwhile for producers as yields strongly increase when the mineral and organic
812 fertilizers are used. Our experiment did not measure drastic changes in soil chemistry in the soil
813  organic layer, as pH was the only variable which significantly varied in the pruning year when
814  comparing the two fertilizer treatments (significantly lower pH with the mineral fertilizer
815 compared to the organic fertilizer). As fertilization is applied at a much lower rate compared to
816  other crops, this could explain why the shifts in microbial community observed in other settings
817 did not occur in this experiment. A long-term impact of fertilization would be interesting to
818 measure, as the plots sampled were relatively recent in terms of agricultural management.
819  Repeated nutrient addition could progressively modify soil chemistry which in turn could impact
820 the microbial communities in the root environment of cultivated wild blueberries. Furthermore,
821 although we found no relations between yield and the microbial communities, future studies
822  based on functional omics approaches would allow to have a more detailed understanding of
823 the contribution of nitrogen fixing bacteria, ericoid mycorrhizal fungi and dark septate

824  endophytes in the wild blueberry nutrition.

825
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Bacterial community overview
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862  Supplementary Figure 4. Taxonomic overview of the bacterial community. The figure plots
863 ASVs which were assigned to a taxonomic level (ASVs not assigned at a particular taxonomic
864 level (NAs) are not shown). The colour of the edges and nodes indicates the number of ASVs
865 found at a given taxonomic level, with darker colour indicating more ASVs and lighter
866 colours indicating fewer ASVs. The size of the edges and nodes indicate the relative
867 abundance of the ASVs assigned to a particular taxonomic level with wider edges/nodes
868 indicating a high relative abundance and narrower edges/nodes indicating a low relative
869 abundance.
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873  Supplementary Figure 5. Taxonomic overview of the fungal community. The figure plots
874 ASVs which were assigned to a taxonomic level (ASVs not assigned at a particular taxonomic
875 level (NAs) are not shown). The colour of the edges and nodes indicates the number of ASVs
876 found at a given taxonomic level, with darker colour indicating more ASVs and lighter
877 colours indicating fewer ASVs. The size of the edges and nodes indicate the relative
878 abundance of the ASVs assigned to a particular taxonomic level with wider edges/nodes
879 indicating a high relative abundance and narrower edges/nodes indicating a low relative
880 abundance.
881
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884  Supplementary Figure 6. PCA ordinations of (A) the bacterial and (B) fungal communities

885 using the Aitchison distance as a representation of beta diversity. All the combinations of
886 plant compartment (RO = roots; RH= rhizosphere) and growth stage (VG = pruning year ; PD
887 = harvest year) are presented. Samples are colour-coded according to their fertilizer
888 treatment.
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Link between leaf chemistry and fungal root community in the pruning year
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891  Supplementary Figure 7. Distance based redundancy analysis (db-RDA) of the fungal

892 community of the blueberry roots in the pruning year, using the PhILR distance matrix and
893 scaling 1. Blue arrows represent the explanatory variables (leaf chemistry), red crosses
894 represent the response variables (bacterial ASVs) and the coloured points represent the
895 samples. The perpendicular distance between bacterial ASVs and soil chemistry axes in the
896 plot reflects their correlations, the smaller the distance the stronger the correlation. The
897 response variables (fungal ASVs agglomerated at species level in this case) were annotated
898 by their taxonomy (up to Family rank) if their scores on either axis were superior to |1| for
899 the sake of clarity.
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Link between leaf chemistry and bacterial rhizosphere community in the pruning year
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Supplementary Figure 8. Distance based redundancy analysis (db-RDA) of the bacterial
community of the blueberry rhizophere in the pruning year, using the PhILR distance matrix
and scaling 1. Blue arrows represent the explanatory variables (leaf chemistry), red crosses
represent the response variables (bacterial ASVs) and the coloured points represent the
samples. The perpendicular distance between bacterial ASVs and soil chemistry axes in the
plot reflects their correlations, the smaller the distance the stronger the correlation. The
response variables (bacterial ASVs agglomerated at species level in this case) were
annotated by their taxonomy (up to Family rank) if their scores on either axis were superior

to |1| for the sake of clarity.
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Supplementary Figure 9. PCA ordinations of (A) the bacterial and (B) fungal communities
using the PhILR distance as a representation of beta diversity. Both growth stages are
presented (left column : pruning year ; right column : harvesting year). The samples are
colour-coded according to the plant compartment and shaped according to the fertilization

treatment they received.
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Difference in bacterial relative abundance
in the compartments for the vegetative stage
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Supplementary Figure 10.  Differential abundance in the bacterial community for the pruning
year comparing the root and rhizosphere. The coloured ASVs have a significant difference in
relative abundance in either plant compartment (green for roots, brown for rhizosphere). A
log2ratio of 10 (dark brown) or -10 (dark green) indicates that the taxon was exclusively
present in the given plant compartment. The size of the edges and nodes indicate the

number of ASVs assigned to a particular taxonomic level.

48

Number of ASVs


https://doi.org/10.1101/2023.07.24.550391
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.24.550391; this version posted July 26, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-ND 4.0 International license.

Difference in bacterial relative abundance
in the compartments for the productive stage
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931 Supplementary Figure 11.  Differential abundance in the bacterial community for the

932 harvesting year comparing the root and rhizosphere. The coloured ASVs have a significant
933 difference in relative abundance in either plant compartment (green for roots, brown for
934 rhizosphere). A log2ratio of 10 (dark brown) or -10 (dark green) indicates that the taxon was
935 exclusively present in the given plant compartment. The size of the edges and nodes
936 indicate the number of ASVs assigned to a particular taxonomic level.
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Difference in fungal relative abundance
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940 Supplementary Figure 12.  Differential abundance in the fungal community for the pruning

939

941 year comparing the root and rhizosphere. The coloured ASVs have a significant difference in
942 relative abundance in either plant compartment (green for roots, brown for rhizosphere). A
943 log2ratio of 10 (dark brown) or -10 (dark green) indicates that the taxon was exclusively
944 present in the given plant compartment. The size of the edges and nodes indicate the
945 number of ASVs assigned to a particular taxonomic level.
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948  Supplementary Figure 13.  Differential abundance in the fungal community for the harvesting

947

949 year comparing the root and rhizosphere. The coloured ASVs have a significant difference in
950 relative abundance in either plant compartment (green for roots, brown for rhizosphere). A
951 log2ratio of 10 (dark brown) or -10 (dark green) indicates that the taxon was exclusively
952 present in the given plant compartment. The size of the edges and nodes indicate the
953 number of ASVs assigned to a particular taxonomic level.
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Supplementary Table 1 — Bacterial mock community

Phylum

Order

Genus and species

Proteobacteria
Actinobacteriota
Firmicutes
Bacteroidota
Actinobacteriota
Actinobacteriota
Deinococcota
Firmicutes
Proteobacteria
Campylobacterota
Firmicutes
Firmicutes
Proteobacteria
Proteobacteria
Proteobacteria
Firmicutes
Firmicutes
Firmicutes
Firmicutes

Firmicutes

Pseudomonadales
Actinomycetales
Bacillales
Bacteroidales
Clostridiales
Propionibacteriales
Deinococcales
Lactobacillales
Enterobacterales
Campylobacterales
Lactobacillales
Lactobacillales
Burkholderiales
Pseudomonadales
Rhodobacterales
Staphylococcales
Staphylococcales
Lactobacillales
Lactobacillales
Lactobacillales

Acinetobacter baumannii
Actinomyces odontolyticus
Bacillus cereus

Bacteroides vulgatus
Clostridium beijerinckii
Propionibacterium acnes
Deinococcus radiodurans
Enterococcus faecalis
Escherichia coli K12
Helicobacter pylori
Lactobacillus gasseri
Listeria monocytogenes
Neisseria meningitides
Pseudomonas aeruginosa
Rhodobacter sphaeroides
Staphylococcus aureus
Staphylococcus epidermidis
Streptococcus pneumoniae
Streptococcus agalactiae
Streptococcus mutans

Supplementary Table 2 - Effect of plant compartment and fertilization on bacterial and fungal
communities using PERMANOVA test on Aitchison distance matrices.

Aitchison distance

Factor

Pruning

Harvesting

Bacteria

Fungi

Bacteria Fungi

Plant compartment (Pc)

Fertilization (Fe)

Pc x Fe

1 0.10 +2.58(0.001) 0.11 e 2.72(0.001)
2 0.11¢1.42(0.001) 0.11 e 1.29 (0.012)
2 0.060.73 (0.926)

0.05 » 0.63 (0.997)

R> e Fvalue (p value)

0.14 « 3.65 (0.001) 0.12 « 3.03 (0.001)
0.10 » 1.33 (0.029) 0.11 e 1.34 (0.007)
0.06 » 0.76 (0.988) 0.05 e 0.65 (0.999)

Note : df, degree of freedom; significant results are in bold
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