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ABSTRACT

Highbush blueberry (Vaccinium corymbosum L.) fields can remain productive for decades. However, some older fields decline
in plant health and exhibit lower yields. After re-planting with new stock, the yields continue to suffer. This condition is termed
‘Replant Disease’. The causative agent(s) in replant disease in New Jersey blueberry fields are unknown. To assess if low- and
high-yield blueberry farm soils from two separate farms contained different microbiomes, we coupled long-read bacterial and
eukaryotic ribosomal rRNA operon sequencing using the Oxford Nanopore MinION with stable isotope probing (SIP) to detect
13C/1>N-utilising soil microbial communities. The results indicate multiple Bacillus species were active on '3C/N-growth media
(predominantly amino acids and glucose) in low-productivity soils from both farms, while high-productivity and adjacent forest
soils contained active Burkholderia and Paraburkholderia species. Eukaryotic community profiling indicated Candida blankii,
Nadsonia starkeyi and Sugiyamaella chiloensis were slightly enriched and active in low-productivity soils compared with high-
productivity soils. This approach differentiates low- and high-productivity blueberry farm soils by ribosomal RNA operon profil-
ing and SIP. The findings also suggest a diagnostic test of blueberry replant affected soils is feasible and may ultimately be used
to improve productivity and potentially detect the responsible pathogenic agent(s) or other deleterious microbes.

1 | Introduction not solve this problem, suggesting the issue is soil-associated

(Jagdale et al. 2013; Noe et al. 2014). This condition, termed re-

Highbush blueberry (Vaccinium corymbosum L.) is a long-
lived woody perennial native to North America which grows
in organic, well-aerated acidic sandy soils (pH of 4-5) (Hayes
1988). The United States produced over 725 million pounds of
blueberries in 2024 (National Association Blueberry Council
report 2024) with a production value of >$800 million, due to
their richness in natural antioxidants and other bioactive com-
pounds (Prior et al. 1998). Highbush blueberry fields can remain
productive for decades, but older fields tend to decline in plant
health and blueberry yield (Figure S1). Replanting often does

plant disease, is common in woody perennial crops and is well
studied in fruit trees (Mazzola and Manici 2012; Waschkies
et al. 1994). However, replant disease in blueberry and its pos-
sible association with the soil microbiome is not well studied.
Plant-parasitic nematodes have been implicated in replant dis-
ease in Georgia and North Carolina (Jagdale et al. 2013; Noe
et al. 2014). Phytophthora cinnamomi is known to cause root rot
in blueberry and cranberry (Vaccinium macrocarpon); however,
Phytophthora spp. are not associated with replant disease in
New Jersey blueberries (Kawash et al. 2023).
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One of the first reports of healthy microbial communities in the
wild lowbush blueberry (Vaccinium angustifolium) fields was
from Nova Scotia, Canada, which utilised short-read sequenc-
ing (200-400bp) of the V6-V8 region of the 16S rRNA gene for
bacteria identification plus the V4 region of the 18S rRNA for
fungal profiling (Yurgel et al. 2017). Subsequently, a compari-
son of bacterial and eukaryotes from managed and forested wild
lowbush blueberry patches using the same target genes, found
productivity to be negatively correlated with several fungal and
protist taxa (Yurgel et al. 2018). Other studies utilised the same
target SSU gene sequences for bacterial community characteri-
sation and added the intergenic transcribed spacer (ITS) region
of the eukaryotic ribosomal RNA operon for fungal identifi-
cation (Li et al. 2020). Additional efforts employed a different
region of the 16S rRNA gene (V3-V4) for bacterial identifica-
tion and the ITS region for fungal identification (Li et al. 2020;
Zhou et al. 2022). Nearly all of this prior research found
Acidobacteriota, Actinomycota, Bacillota, Pseudomonadota
and Verrumicrobiota as predominant bacterial phyla, while
Ascomycota, Basidiomycota, Cryptomycota and Mucoromycota
as predominant fungal phyla. However, the study by Yurgel
et al. (2018) did not find any correlation with bacterial taxa and
low fruit production, and only a small percentage of the fun-
gal diversity could be associated with lower fruit productivity
(Adonis test: R?=0.04; p < 0.05). This inability to discern marked
differences between low- and high- productivity soils could be
a result of microbiome classification at taxonomic levels which
are too high (i.e., grouping of SSU data by phylum/class/family
level) or by not considering the active fraction of the microbiome
(i.e., those microbes responding to various growth substrates vs.
dormant cells, etc.).

As an alternative approach to assess microbiome differences be-
tween replant affected and healthy soils from blueberry farms,
we coupled ribosomal RNA operon sequencing with stable iso-
tope probing (SIP) for high-resolution community profiling of
bacteria and eukaryotes. The reasoning was that prior difficul-
ties in observing microbial community differences associated
with replant disease were caused by a lack of taxonomic reso-
lution at a species- or strain-level using traditional short-read
approaches. Alternatively, discerning the metabolically active
fraction of microbial communities could help differentiate
low- and high-productivity soils when differences in micro-
bial relative abundance were not as readily apparent. For this
study, we chose to utilise the long-read capability of the Oxford
Nanopore Technologies Ltd. (ONT) MinION sequencer to se-
quence prokaryotic and eukaryotic rRNA operons (Benitez-Paez
and Sanz 2017; Kerkhof et al. 2017; Cusco et al. 2018), since it
can provide species- and strain-level identification of bacteria
(Jain et al. 2015, 2018; Dowden et al. 2020; Ibironke et al. 2020;
Kerkhof et al. 2022), while profiling eukaryotic rRNA oper-
ons have been used for fungal characterisation in mock com-
munities, canine outer-ear samples, or turf grasses (Mafune
et al. 2020; D'Andreano et al. 2020; Groben et al. 2023).

As proof-of-concept, we also employed SIP to delineate the ac-
tive members of the blueberry rhizosphere soil microbial com-
munities using 3C-1°N-BioExpress growth media (Cambridge
Isotope Laboratories Inc., Tewksbury). SIP is based on the up-
take and metabolism of >C and/or °N substrates by microbes
which then synthesise '3C- and/or >N-DNA during growth

(Radajewski et al. 2000). BioExpress media is nearly the same
as Luria-Bertani (LB) medium with 0.1-0.5g glucose per litre.
LB medium is reported to be rich in oligopeptides and contain
all proteinogenic amino acids (predominantly Asp+ Asn, Leu,
Glu + Gln and Pro) (Sezonov et al. 2007). Interestingly, there is
evidence that amino acids/peptides and carboxylic acids with as-
sociated aromatic rings are the dominant root exudates for Avena
barbarta late in plant development before senescence (Zhalnina
et al. 2018). Additionally, there is a report of L-glutamic acid as
a major exudate in blueberries during growth/development and
is thought to be a major driver of the microbial community (Che
et al. 2024). As such, our 3C-1’N-BioExpress-based SIP results
may reflect both utilisation of a ‘typical laboratory media’ and
actual rhizosphere activity in the NJ soils. However, it should
also be noted that BioExpress is a copiotrophic media, which
will select for heterotrophic bacteria/eukaryotes capable of
consuming organic substrates in high concentrations. The soil
microbes in the studied fields may be experiencing different
concentrations of these amino acid/glucose substrates or dif-
ferent exudates entirely. Regardless, the initial aim of our SIP
approach is to first differentiate low- and high-productivity soils
by the analysis of microbial communities, which can ultimately
be used as biomarkers for further investigation of replant dis-
eased soils.

In this report, we reveal both the resident and the active bac-
terial and eukaryotic (predominantly fungal) community
members which assimilate 1*C-'>N-amino acids or *C-glucose
in low- and high-productivity blueberry farm soils as well as
forest soils harbouring wild blueberries. We hypothesised that
distinct active communities are linked to different productiv-
ity levels. Our results indicate that multiple Bacillus spp. and
three fungal taxa (Candida bankii, Nadsonia starkeyi-henricii
and Sugiyamaella chiloensis) actively metabolise the 1*C-1°N-
amino acids or 13C-glucose in low-productivity soils. In con-
trast, active Burkholderia and Paraburkholderia spp., as well
as Mucor lusitanicus, labelled with 13C-1°N are associated with
high-productivity soils. Additionally, mycorrhiza-forming
Glomeromycota are enriched in high-productivity soils, while
Cryptomycota (also known as Rozellomycota), which are para-
sites of other fungi, are more prevalent in low-productivity soils.
This study demonstrates the feasibility of identifying actively
growing microorganisms by sequencing near full-length rRNA
operons labelled with 3C/**Nisotopes. Our results also establish
a foundation for developing molecular biomarkers to differenti-
ate low- and high-productivity soils in blueberry fields and may
ultimately lead to a mechanistic understanding of replant dis-
ease in these systems.

2 | Methods and Materials
2.1 | Sample Collection and Stable Isotope Probing

Farm field soils (visually exhibiting low- and high-productivity
as in Figure S1) were hand sampled from two commercial blue-
berry farms, along with soils from two adjacent forests con-
taining wild blueberries in 2019. The six sites were sampled in
triplicate. Rhizosphere soil was collected, with a small shovel,
from the root zone (between 30 and 40cm from the crown) of
3-4 mature ‘Bluecrop’ blueberry plants per sample location to
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a depth of 16cm and homogenised. Five hundred milligrams of
homogenised soil was placed in tubes and amended with either
light (*2C/™N) or heavy (*3C/*>N) 1x (BioExpress 1000) Growth
Media to fully wet the soil (e.g., 100 pL of 10X media plus 900 uL
of sterile water). The amended soil samples were incubated for
2days in a lighted growth chamber (Percival Scientific, Perry,
IA) with a 12-hday/night cycle and fluorescent illumination
(80umolm~2s71) at 25°C, after which the soil was collected and
processed as detailed below.

2.2 | DNA Extraction

Total genomic DNA was extracted from the soil using a modi-
fied CTAB/phenol-chloroform procedure (Midnnistd et al. 2013).
Specifically, 50mg of soil was wetted with 50 uL of Solution 1
(50mM glucose, 10mM EDTA, 25mM Tris-Cl (pH 8.0)) and sub-
jected to five freeze-thaw cycles. Each sample was then incu-
bated with 50uL of lysozyme solution (4.0mg/mL in Solution
1) for 10min at room temperature, and 450 uL. CTAB solution
(100mM Tris-Cl, 20mM EDTA, 1.4M NaCl, 4% (w/v) CTAB and
2% f-mercaptoethanol) was added. This aqueous mixture was
extracted twice with 800 uL phenol: chloroform: isoamyl alcohol
(24:25:1) to remove proteins/lipids. The DNA was ethanol pre-
cipitated with 20 ug of glycogen, resuspended in 50 uL of 10 mM
Tris-HCl and stored at —80°C.

2.3 | Separation of Light and Heavy DNA

The 2C/MN- and !3C/'*N-labelled DNA was physically sepa-
rated via caesium chloride (CsCl) gradient ultracentrifugation
(225,000g for 36h) using an Optima MAX-TL ultracentrifuge
with a TLA-110 rotor (Beckman Coulter Inc., Indianapolis,
IN, USA). To enhance the visualisation of the '2C/“N-and
13C/1>N-labelled genomic DNA from the soils, each gradient was
amended with '2C/™N- and '3C/1°N-labelled archaeal carrier
DNA from Halobacterium salinarum (Gallagher et al. 2005) and
ethidium bromide (Figure S2). This ethidium bromide addition
alters the buoyant density of DNA (Gallagher et al. 2010) and
nullifies any GC effects during DNA separation, allowing for
easy visualisation of the '3C/?N fraction for amplification. The
‘heavy’ carrier method also significantly shortens incubation
times and improves sensitivity when detecting '3C-!>N bacterial
or 13C-1°N eukaryotic DNA (Gallagher et al. 2005).

The 3C-"N-labelled archaeal DNA clearly defines the ‘heavy’
region within the cesium gradient and the archaeal DNA is not
amplified with bacterial or eukaryotic universal PCR primers.
This 13C-1°N carrier approach has been used in a variety of
complex systems to discern active bacteria, archaea and eukary-
otes in soils/sediments, deep sea samples or at sub-zero tem-
peratures (Gallagher et al. 2005; Gallagher et al. 2010; Kerkhof
et al. 2011; Seyler et al. 2014; Seyler et al. 2018; Seyler et al. 2019;
Tuorto et al. 2014; Liu et al. 2016; Gadkari et al. 2020). The light
(*2C/'N-labelled) DNA contained in the top band represents the
‘resident’ community. The heavy (*3C/!*N-labelled) DNA con-
tained in the bottom band of the CsCl gradient represents the
‘active’ community. Both top and bottom bands were collected
by pipette and CsCl was removed by micro-dialysis against
10mM Tris-HCIL. Control SIP incubations were performed with

12C/¥N-amendments of Bioexpress and did not amplify the
13C/1N-bottom bands using bacterial or eukaryotic rRNA op-
eron primers (Figure S3).

2.4 | PCR Amplification of Bacterial
and Eukaryotic Ribosomal RNA Operons

A two-step amplification/barcoding procedure using Hi-Fidelity
Taq polymerase (Bimake LLC, Houston, TX, USA) described in
Kerkhof et al. (2017) was used to amplify target rRNA operons
for sequencing rather than employing a barcoding kit provided
by ONT. Specifically, universal prokaryotic 16S forward 27F
(5’AGAGTTTGATCCTGGCTCAG 3') and 23S reverse 2241R
(5" ACCGCCCCAGTHAAACT 3’) primers were first used to
amplify bacterial ribosomal RNA operon fragments from each
CsCl band using a 30-cycle touchdown amplification described
in further detail in Data S2. At the end of the 16th cycle, 10 uL of
the PCR amplification mixture was removed and stored frozen.
The PCR reaction then was allowed to proceed to 30cycles to
ensure that the top 12C/1N bands would amplify and the 13C/°N
heavy DNA bands would not show any PCR amplification in
the 12C/"“N-treated control samples (Figure S3). Once these
control conditions had been met, the low cycle number ampl-
icons (16cycle) were purified using Ampure beads (Beckman
Coulter Inc.) and barcoded via a second round of PCR with
tailed PCR primers containing a specific barcode sequence for
multiplex sequencing. A similar approach was used to generate
barcoded eukaryotic rRNA operons with the primers Euk 18S F
5" TACCTGGTTGATYCT GCCAGT 3’ and Euk 28S 3050 R 5’
TCTGACTTAGAGGCGTTCAGTCATAAT 3’ as described more
fully in Data S2.

2.5 | Library Preparation and MinION Sequencing

Barcoded rRNA operon amplicons were quantified by agarose
gel electrophoresis and image analysis. Twelve amplicon sam-
ples (each sample having 150ng of DNA (1800ng in total)) were
combined per multiplex DNA sequencing library, end-repaired
and dA-tailed using NEB kits (New England Biolabs, Ipswich,
MA, USA) as per manufacturer's instructions. The reactions
were purified using Ampure beads, supplemented with 100nM
dNTP's and ligated to the ONT sequencing adaptor using Blunt/
TA ligase (NEB) amended with 1uL of freshly made ATP solu-
tion (~4 mg/mL). All sequencing was done using the ONT SQK-
LSK109 kit and analysed on FLO-MIN106 R9.4.1 flow cells. The
sequencing of PCR negative controls was not performed since
prior research provided an estimate of 0.03% contamination
from the ‘kitome’ (Ibironke et al. 2020).

2.6 | Demultiplexing and BLAST Analysis

All raw reads were base-called with the Guppy 3.2.2 software
(ONT) via the high-accuracy algorithm. Each library resulted
in 2-3.5 million raw reads. Demultiplexing was performed via a
custom workflow using the Geneious R11 software (Biomatters
Ltd.), which included: filtering the DNA sequence reads by
size (3700-5700bp for bacterial rRNA operons; 4000-6300bp
for eukaryotic rRNA operons), truncating the assigned ONT
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name, annotating the reads with barcode primers (90% pairwise
identity) and extracting copies of the reads containing specific
barcodes into separate folders. An assessment of whether anno-
tated sequences could be assigned to multiple barcode folders
indicated a 0.375% ‘contamination’ of mis-assigned reads per
sample. This low percentage of mis-assigned reads were deemed
too low to warrant extensive detection and clean-up.

All barcoded raw reads following QA/QC were then exported
as fasta files and initially screened against the EZBioCloud
16S rRNA gene database (Yoon et al. 2017) for bacterial taxo-
nomic assignments and the UNITE/all eukaryotes ITS database
(UNITE Community 2019) for eukaryotic assignment. These
databases were available in 2019. MegaBLAST parameters in-
cluded: word size of 28 bp, match/mismatch of 1/-2, a linear gap
penalty and maximum target sequences of 1. Subsequently, the
raw rRNA operon reads were re-classified using more recently
available long-read databases available in 2022 and 2024, spe-
cifically the bacterial (Kerkhof et al. 2022) and the eukaryotic
rRNA operon databases (Krabbered et al. 2024). MegaBLAST
parameters for screening against the longer databases were:
word size of 65bp, match/mismatch of 2/—3, gap open/extend of
0/4 and maximum target sequences of 1.

2.7 | Statistical Analysis and Data Visualisation

The BLAST results were imported as hit tables in CSV format
to Microsoft Excel. Pivot tables were generated based on the
counts of species/strains for all soil samples originating from
both 2C/“N (light) and 3C/**N (heavy) DNA bands and im-
ported to R studio (2023.06.0 +421), using R version 3.6.2. Non-
metric multidimensional scaling (NMDS) was performed on the
species abundance data using the ‘vegan’ package version 2.5-6
(Oksanen et al. 2018). The number of dimensions used for the
analysis (k=3) was based on the NMDS stress plots and R? val-
ues for the model fit. The R? value for non-metric fit of observed
dissimilarities was 0.99 for the eukaryotic species-abundance
data and 0.997 for bacterial data with k=3.

2.8 | Differential Abundance Analysis

The Excel pivot tables were imported into the DESeq2 package
(Love et al. 2014) to perform differential abundance analysis
between resident (‘2C!*N) and active (*3C'°N) taxa from low-
and high-productivity farm soils and adjacent forest soils in R
studio. The ggplot2 package was used to generate volcano and
bubble plots (Wickham 2016). Adjusted p <0.05 and log2-fold-
change > 2 were considered threshold values in DESeq2 for dif-
ferentially abundant taxa.

3 | Results

Overall, 1,794,249 bacterial rRNA operon reads were gener-
ated, while the eukaryotic rRNA profiling produced 3,202,957
reads. The average read numbers were ~50,000 per sample for
bacteria and ~89,000 per sample for eukaryotes. These rRNA
operon sequences were classified against both short-read da-
tabases (EZBioCloud [bacterial] and UNITE [eukaryotic]) and

long-read databases (rOPDB [bacterial] and GoldenRod version
1.2 [eukaryotic]) by MegaBLAST as described above.

3.1 | Taxonomic Classification of Bacterial rRNA
Operon Reads

Screening by EZ BioCloud detected 10,897 bacterial best BLAST
hits (BBH or operational taxonomic units) at the species level,
belonging to 44 different bacterial phyla. The bacterial phyla
most abundant in the samples included the Pseudomonadota,
the Actinomycota, the Acidobacteriota, the Dormibacteraeota
and the Bacillota, accounting for >90% of the taxa in the 12C/™N
labelled (resident) community (Figure S4B). The reproducibility
of rRNA operon profiles and the challenge of identifying differ-
ing bacterial taxa in replant disease-affected soils are evident
in relative abundance bubble plots of dominant bacterial BBHs
(Figure S5). Most samples displayed identical taxa with similar
relative abundances. Only two 2C/'N-labelled taxa in low-
productivity soil had higher abundances: Steroidobacter-related
(DQ480487_s) and Rhodospirilliaceae-related (AY913269_s;
Figure S5 [resident]). These database entries were not well
characterised beyond the Order/Family level in EZBioCloud.
In contrast, the 13C-1°N-labelled taxa in low-productivity soils
were enriched with Bacilli (Bacillus spp.): B. bataviensis, B. cu-
cumis, B. drentensis, B. fumaroli, B. niacini, B. soli, B. novalis,
B. pocheonensis and B. spp. (DQ129292_s; Figures S4B and S5).

The re-classification of bacterial rRNA operon reads against the
rOPDB near-full length ribosomal operon database provided
in a 2.6-fold increase in query sequence/reference alignment
length thus improving BLAST classification results as seen in
the scatter plot of BBHs. There is a shift away from alignments to
the 16S rRNA gene (1500bp alignment) toward the full operon
(4200-5000bp) with roughly the same percent identity (70%-
95%) for the SSU matches (Figure S4A) and the near full op-
eron (Figure S8). More importantly, the number of taxa detected
using the rOPDB increased from 10,897 to 12,418 along with the
taxonomic resolution of the BBHs to species/strain level.

3.2 | Taxonomic Classification of Eukaryotic rRNA
Operon Reads

Nineteen major clades of eukaryotic organisms were identified
by classification with the UNITE database, constituting 51 eu-
karyotic phyla and 2501 distinct BBHs (or operational taxonomic
units) in the soil sample set. Soil communities were predomi-
nantly fungal, but the soils also contained numerous protist
and metazoan reads (data not shown). The top resident eukary-
otic phyla were Ascomycota, Basidiomycota, Glomeromycota,
Mortierellomycota, Mucoromycota and Rozellomycota, while
the active !3C-'>N-labelled soil communities were more en-
riched with Mortierellomycota species in all soils (low-, high-
productivity and forest) (Figure S6B). In low-productivity soils,
there was an enrichment of an unclassified Rozellomycota taxa
in the 12C-1#N-labelled fraction. In the 3C-!>N-labelled fraction,
the differences between the low- and high-productivity soils
were very minor. Additionally, low-productivity soils had the
slightest enrichment in a member of the Pythiaceae family in
the 13C-1°N-labelled fraction.
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FIGURE1 | Bubble plot comparing differences in relative abundance for the top 10 '*C-!5N-active bacterial taxa identified by DESeq2 analysis
for low- and high-productivity soils. Classification was done using the bacterial ribosomal operon database (rOPDB). Red boxes indicate active taxa

from Farm 1 and Farm 2.

Re-classifying the eukaryotic rRNA operon reads with the
GoldenRod database also provided 2.5-fold increase in align-
ment length, and an increase in the number of assigned taxa was
observed as well (from 2504 to 3144). Likewise, the taxonomic
resolution was at the species level. However, some eukaryotic
taxa classified using the UNITE database (e.g., members of the
Rozellomycota) were not well represented in the GoldenRod da-
tabase and would likely have been misclassified.

3.3 | Differential Abundance Testing of Bacteria
and Eukaryotes

To identify the taxa exhibiting differential abundance, DESeq2
analysis was performed on classifications using the long-read
databases. The top 10 bacterial and eukaryotic taxa demonstrat-
ing both high community relative abundance and differential
abundance (log2-fold-change>2 and adjusted values p <0.05)
from the DESeq2 analysis are presented in Figures 1-6. The
long-read analysis indicated the active bacterial community
from both Farm1l and Farm2 were similar in low- and high-
productivity soils. Specifically, 13C-1>N-rRNA operon reads in
low-productivity soils were related to Bacillus megaterium S2,

B. mesonae H20.5, B. soli DSM15604, four different strains of
Bacillus sp. (BRMEA1, OV166, S3, X1) and Streptomyces sp.
SAJ15 (Figure 1). While the high-productivity soils had the
highest 13C-1>N-active taxa associated with Paraburkholderia or
Streptomyces species. Likewise, there were shared reads in the
active fraction of eukaryotes incorporating 3C-1>N-BioExpress
(Figure 2). Specifically, reads associated with Candida blankii,
Nadsonia starkeyi-henricii and Sugiyamaella chiloensis were
detected in the active fraction from low-productivity soils in
both Farms. The relative abundance of these active eukaryotes
in low-productivity soils was small, reflecting that these taxa
are probably not consuming large amounts of amino acids or
glucose-rich substrates in situ.

Interestingly, the resident bacterial community from both
Farm1l and Farm2 were also similar with respect to differen-
tial abundance in the low productivity soils (Figure 3). These
low-productivity soils were enriched in rRNA operon reads
associated with 3 taxa associated with the Rhodospirillales
(strain R5959, SYSU, URHDO0088) and 2 taxa associated with
Agzospirillum sp. (MTCC4039 and TSO35.2). While the resi-
dent eukaryotic community displaying differential abundance
only detected Stylonichia lemnae in the low-productivity soils
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FIGURE2 | Bubble plot comparing differences in relative abundance for the top 10 13C-!*N-active eukaryotic taxa identified by DESeq2 analysis

for low- and high-productivity soils. Classification was done using the eukaryotic ribosomal operon database (GoldenRod). Red boxes indicate active

taxa from Farm 1 and Farm 2.

(Figure 4). In the high productivity soils, for Farm1 both the
resident and the active fraction were enriched with Mucor lu-
sitanicus (Figures 2 and 4). M. lusitanicus was not seen as dif-
ferentially abundant in Farm2 or in the control site Forestl
(Figure 6). This taxon was a minor component of the resident
and active fraction in Forest2. Another eukaryotic taxon shared
between Farm1 and Forestl was Podila verticulata, which was
enriched in the resident fraction in Farm1 (Figure 2) and the
active fraction of Forest1 (Figure 6).

None of the above active bacterial taxa associated with low-
productivity soils from farms were observed to be enriched or
active in the control Forest soils (Figure 5). However, there were
different Paraburkholderia and Burkholderia species than the
ones observed to be active in high-productivity soils, which were
also active in the control Forest soils (Figure 3).

4 | Discussion

This study was initiated to ascertain if high-resolution profiling
or detection of active microbiota could elucidate differences be-
tween low-productivity versus high-productivity soils on com-
mercial blueberry farms. Our results demonstrate that rRNA
operon profiling coupled with SIP can detect differences in soil
microbiomes from replant disease affected areas. Specifically,
our findings demonstrate that various Bacillus species were

active in low-productivity soils from two separate farms. It is
known that many bacilli can synthesise antibacterial, antifun-
gal and nematocidal substances (Pérez-Garcia et al. 2011). For
instance, there are reports of B. soli DSM15604 possessing ne-
matocidal activity (Englebrecht et al. 2020; Horak et al. 2022)
B. mesonae H20-5 suppressing tomato wilt from Ralstonia sola-
nacearum (Yoo et al. 2022), and B. megaterium strains promoting
plant growth and possessing insecticidal properties (Migunova
and Sasanelli 2021; Tarigan et al. 2022). Additionally, many
Bacillus species are also reported to evoke induced systemic
resistance (ISR) during various disease conditions in multiple
plant species, resulting in reduced incidence or severity of dis-
ease (Choudhary and Johri 2009; Yang et al. 2023). These prior
findings suggest the activity of Bacilli on 3C-'>N- Bioexpress
media might not be directly related to low productivity. Rather,
this increase in Bacilli activity may be the response to plant dis-
ease and stress.

At this point we are not aware of any potential direct or indirect
interactions of the Bacillus spp. identified by our rRNA operon
reads with blueberries. It is important to recognise that finding a
BBH in the rOPDB or GoldenRod database can often mean that
novel species and strains are present in the sample rather than
evidence that any specific strain from the database has been
detected (Dowden et al. 2024). Indeed, the overall matches of
our rRNA operon reads to B. soli (the most relatively abundant
active taxa in replant disease-affected soils), B. megaterium and
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FIGURE3 | Bubble plot comparing differences in relative abundance for the top 10 >C-!*N-resident bacterial taxa identified by DESeq2 analysis
for low- and high-productivity soils. Classification was done using the bacterial ribosomal operon database (rOPDB). Red boxes indicate resident

taxa from Farm 1 and Farm 2.

B. mesonae from the rOPDB are 87%-88% over 4000-4085bp.
These lower percent identities suggest our rRNA operon reads
represent novel genera or species within the Bacillota. For sim-
plicity, we are reporting the BBH here as a means of conveying
the overall character of the microbial community. However, un-
derstanding the species-strain level character of replant disease-
affected soils is important since different bacterial strains can
have very different functional properties. Furthermore, it is likely
these ‘berryland soils” are unique with respect to other major
crops fields (e.g., soybean, wheat, corn, apples, etc.). Additional
high-resolution profiling coupled to SIP analyses is warranted
for other diseased soils. Ultimately, it is hoped the rRNA operon
profiling of active microbes (e.g., Bacillus spp. in this case) can
provide critical biomarkers to aid in the isolation and character-
isation of novel strains active in diseased soils and to test if the
active microorganisms are involved in stress-response to plant
disease or may be responsible for the pathogenesis.

For the high-productivity farm soils, various Paraburkholderia
taxa appeared to be the most active with our SIP substrates. For
example, Paraburkholderia species were found in all types of soil.
However, these microorganisms were more active on '*C/!>N-
amino acids or 13C-glucose in forest and high-productivity farm
soils than in low-productivity farm soils. Some Paraburkholderia
representatives are thought to be beneficial plant symbionts able

to fix nitrogen and promote plant health (Kaur et al. 2017). In
our study, Paraburkholderia oxyphyla was found to be the most
actively growing bacterial species in high-productivity soils by
EZBioCloud classification. This bacterium, first isolated from
acidic forest soils, is not capable of N,-fixation, unlike most of
its phylogenetically closely related Paraburkholderia species.
However, a novel species from the same genus, a symbiont capa-
ble of nitrogen fixation, was recently isolated from the nodules
of Mimosa gymnas and was shown to share almost 99% similar-
ity with Paraburkholderia oxyphyla at the 16S rRNA gene level
(Otsuka et al. 2011; Paulitsch et al. 2019).

With respect to the short-read classification of the resident eu-
karyotic community, our findings indicated high-productivity
blueberry farm soils were enriched with fungi from the
Glomeromycota phylum. These fungi are an ancient group of
eukaryotes and are thought to be obligatory plant symbionts,
forming arbuscular mycorrhizas with the roots of many vas-
cular plants (Oehl et al. 2011; Redecker et al. 2013; Schiifiler
et al. 2001). They are considered beneficial symbionts for the
plants and are thought to contribute by fighting fungal patho-
gens/harmful nematodes, aid in the uptake of phosphate/other
inorganic ions and increase the fitness of plants in polluted en-
vironments (Oehl et al. 2011; Redecker et al. 2013). It has pre-
viously been shown that multiple Glomeromycota species can
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FIGURE4 | Bubble plot comparing differences in relative abundance for the top 10 >C-!“N-resident eukaryotic taxa identified by DESeq2 anal-
ysis for low- and high-productivity soils. Classification was done using the eukaryotic ribosomal operon database (GoldenRod). Red boxes indicate

resident taxa from Farm 1 and Farm 2.

enhance the height and the dry weight of blueberry seedlings
and increase the levels of N and P in the plant roots (Farias
et al. 2014). Glomeromycota species were also found in the rhi-
zosphere of the wild blueberry plant and were relatively more
abundant in the rhizosphere itself than in the bulk soil (Yurgel
et al. 2018). Another study investigating mycorrhizal fungi in
the roots of Vaccinium oldhamii Miq. found a unique OTU very
similar to Rhizophagus diaphanous (Baba et al. 2016), which
suggests that Glomeromycota species may, in fact, colonise the
roots of ericaceous plants though previously reported to be sym-
bionts of other vascular plants. Ericaceous plants are thought
to be colonised by only ericoid mycorrhizae (Straker 1996), and
formation of arbuscules has not been reported in Vaccinium spp.
Thus, more research is required to understand whether these
beneficial fungi are critical in the health of the highbush blue-
berry plant.

In contrast, short-read classification by the UNITE database
of low-productivity soils from the two investigated farms indi-
cated Rozellomycota species were enriched in the eukaryotic
resident communities. Rozellomycota, which are mainly uni-
cellular endoparasites of algae, amoebae, oomycetes and dif-
ferent fungal species. Most of the members of this phylum are
uncultured environmental clones and not much information is

known about their pathogenic lifestyle and potential host range
(Corsaro, et al. 2014; Corsaro, Walochnik, Venditti, Steinmann,
et al. 2014). Since Rozellomycota species are pathogens of other
fungi, they may also present another indirect mechanism of low-
ering productivity by removing other beneficial fungal species.
It is also suggested that Rozellomycota feed via phagocytosis in
contrast to other fungi feeding via osmotrophy, thus they might
have low sensitivity to SIP since they do not assimilate 13C-1>N-
labelled amino acids. Furthermore, a recent study found that the
abundance of Rozellomycota species was substantially higher
in disease conducive soil (DCS) for tobacco cultivation (Gao
et al. 2020). Our results also indicate that in high-productivity
soils, where the members of the phylum Rozellomycota have
very low abundance, members of the Glomeromycota thrive
instead and vice versa. Further functional genomic evidence is
needed to better elucidate the potential role of Rozellomycota in
blueberries affected by replant disease.

Most of the 13C-15N-amino acid assimilation in the eukaryotic
community appeared to be from an unclassified Mortierella sp.
across all soil types possibly due to the presence of its trophic
(vegetative) life stage primarily feeding by osmotrophy. Other
fungal taxa may be present in the form of spores or not directly
assimilating amino acids/glucose and remain undetected in
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FIGURE 5 | Bubble plot comparing differences in relative abundance for the top 10 bacterial taxa identified by DESeq2 analysis. Both 2C-14N-
resident and '3C-1°N-active fractions are indicated in soils from Forest 1 and Forest 2. Classification was done using the bacterial ribosomal operon

database (rOPDB).

the ‘active’ community fraction. In addition, active Oomycota
(unclassified Pythiaceae spp.) species were abundant in low-
productivity soils from both farms but were almost absent
in high-productivity soils. Members of the Oomycota phy-
lum are known pathogens of agricultural crops, nematodes,
algae, zooplankton and fish. Some Pythium species can cause
damping-off disease in seedlings, root rot and other plant dis-
eases, and are associated with replant disease in apple and
ginseng species (Ontario Ministry of Agriculture, Food and
Rural Affairs [OMAFRA] 2015; Somera and Mazzola 2022).
They are fungi-like organisms as well and can either form
hyphae or live as very simple holocarpic thalli. Some species,
though, are not predominantly pathogens; they are sapro-
phytes but can act as opportunistic pathogens when the im-
mune system of the host organism is compromised (Hassett
et al. 2019; Klinter et al. 2019). Low-productivity farm soils
were also relatively enriched with ciliates. Although it is not
clear how ciliates interact with plant rhizospheres, it has been
shown that their diversity does not depend on the resident
plant species unlike fungi and bacteria. Rather, the richness
of ciliates in rhizosphere microbiomes may depend on the
availability of inorganic N or the composition of rhizosphere

bacterial communities (Acosta-Mercado and Lynn 2004).
This suggests predation may play a major role in removing
beneficial microbes from the blueberry rhizosphere in low-
productivity soils.

Finally, the long-read classification of eukaryotes indicated
some surprising findings as well. Candida blankii is an emerg-
ing human pathogen with reduced susceptibility to antifungals
(de AlmeidaJretal. 2018; Mirchin et al. 2022; Pinho et al. 2024).
Perhaps the Candida strains we observe with our rRNA op-
eron reads are emerging plant pathogens. Nadsonia starkeyii-
henricii has been found in forest soils (O'Boyle et al. 2018) and
Sugiyamaella chiloensis was isolated from a fallen beech tree
in Chile (Shi et al. 2021). None of these fungal species are re-
ported as plant pathogens. Interestingly, Mucor lusitanicus has
been reported as a biocontrol agent against fungal phytopatho-
gens (Alejandre-Castafieda et al. 2023) and the large signal in
the resident/active community of the high-productivity soils of
Farml is consistent with that finding. Additionally, the rRNA
operon reads associated with Podila verticillata in both the
low productivity soils in Farm1 and in the active signal from
Forestl suggest that sampling at these sites may have disturbed
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FIGURE 6 | Bubble plot comparing differences in relative abundance for the top 10 eukaryotic taxa identified by DESeq2 analysis. Both 2C-14N-
resident and '3C-'SN-active fractions are indicated in soils from Forest 1 and Forest 2. Classification was done using the eukaryotic ribosomal operon

database (GoldenRod).

ant mounds. Ants are common in New Jersey blueberry fields,
and their occurrence sometimes indicates the presence of root-
colonising mealy bugs (Dysmicoccus vaccinii) (Pavlis 2009).
It is worth highlighting that even though the long-read clas-
sification of eukaryotes provided increased taxonomic resolu-
tion, several taxa were not detectable with this approach. This
result indicates that different reference databases likely have
different representative taxa, and misclassification is possi-
ble, especially for those raw reads demonstrating long BLAST
alignments and lower percent identity. Currently, it is sug-
gested to screen query rRNA operon sequences against more
than one reference database for methodological validation of
the taxonomic assignments of rRNA operons until more robust
database entries can be generated.

In conclusion, our study has demonstrated the ability to pro-
file ribosomal RNA operons from 3C/!*N-labelled DNA for in-
creased resolution of active bacteria and eukaryotes associated
with the rhizosphere soils of blueberry plants. Although we
do not know the mechanisms by which these active groups of

microorganisms affect blueberry productivity in situ, we have
provided a rapid diagnostic tool for discerning high- and low-
productivity farm soils.

Author Contributions

J.J.P. and L.J.K. conceived and designed the experiments. S.M. per-
formed DNA extractions, amplified the rRNA operons and created
the sequence libraries with L.J.K. S.M. performed the data/statistical
analysis in consultation with L.J.K. on the short-read results. L.J.K.
performed the data/statistical analysis on the long-read results. S.M.,
J.J.P. and L.J.K. discussed the findings and interpreted the results.
S.M. wrote the first draft. All authors read, edited and approved the
final manuscript.

Acknowledgements

Funding for this study was provided in part by grants to J.J.P. from
the NRCS Conservation Innovation Grant, the New Jersey Blueberry
and Cranberry Research Council and Rutgers University Indirect Cost
Return to L.J.K.

10 of 13

Environmental Microbiology, 2026



Funding

This work was supported by the Natural Resources Conservation
Service, New Jersey Blueberry and Cranberry Research Council.

Consent

All authors of the manuscript have read and agreed to its content and
are accountable for the accuracy and integrity of the manuscript.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All bacterial and eukaryotic rRNA operon reads generated in this study
are available at BioProject #PRJNA657272 available in US National
Library of Medicine Archive at https://www.ncbi.nlm.nih.gov/biopr
oject.

References

Acosta-Mercado, D., and D. H. Lynn. 2004. “Soil Ciliate Species
Richness and Abundance Associated With the Rhizosphere of Different
Subtropical Plant Species.” Journal of Eukaryotic Microbiology 51:
582-588.

Alejandre-Castaiieda, V., J. A. Patifio-Medinaa, J. B. Guzman-Pérez,
et al. 2023. “Role of the Nonribosomal Peptide Synthetase Siderophore
Enzyme (Rfs) of Mucor lusitanicus in Controlling the Growth of Fungal
Phytopathogens.” Canadian Journal of Microbiology 69: 185-198.
https://doi.org/10.1139/cjm-2022-0203.

Baba, T., D. Hirose, N. Sasaki, et al. 2016. “Mycorrhizal Formation and
Diversity of Endophytic Fungi in Hair Roots of Vaccinium oldhamii
Migq. in Japan.” Microbes and Environments 31, no. 2: 186-189.

Benitez-Péez, A., and Y. Sanz. 2017. “Multi-Locus and Long Amplicon
Sequencing Approach to Study Microbial Diversity at Species Level
Using the MinION Portable Nanopore Sequencer.” GigaScience 6, no.
7:1-12.

Che, J., Y. Wu, H. Yang, et al. 2024. “Metabolites of Blueberry Roots at
Different Developmental Stages Strongly Shape Microbial Community
Structure and Intra-Kingdom Interactions at the Root-Soil Interface.”
Science of the Total Environment 947: 174333.

Choudhary, D. K., and B. N. Johri. 2009. “Interactions of Bacillus spp.
and Plants-With Special Reference to Induced Systemic Resistance
(ISR).” Microbiological Research 164, no. 5: 493-513.

Corsaro, D., J. Walochnik, D. Venditti, K.-D. Miiller, B. Hauroder, and R.
Michel. 2014. “Rediscovery of Nucleophaga Amoebae, a Novel Member
of the Rozellomycota.” Parasitology Research 113, no. 12: 4491-4498.

Corsaro, D., J. Walochnik, D. Venditti, J. Steinmann, K.-D. Miiller, and
R. Michel. 2014. “Microsporidia-Like Parasites of Amoebae Belong to
the Early Fungal Lineage Rozellomycota.” Parasitology Research 113,
no. 5:1909-1918.

Cusco, A., C. Catozzi, J. Vifles, A. Sanchez, and O. Francino. 2018.
“Microbiota Profiling With Long Amplicons Using Nanopore
Sequencing: Full-Length 16S rRNA Gene and Whole Rrn Operon.”
F1000Research 7: 1755.

D'Andreano, S., A. Cusco, and O. Francino. 2020. “Rapid and Real-
Time Identification of Fungi up to Species Level With Long Amplicon
Nanopore Sequencing From Clinical Samples.” Biology Methods and
Protocols 6, no. 1. https://doi.org/10.1093/biomethods/bpaa026.

de Almeida, J. N., Jr., S. V. Campos, D. Y. Thomaz, et al. 2018. “Candida
blankii: An Emergent Opportunistic Yeast With Reduced Susceptibility
to Antifungals.” Emerging Microbes & Infections 7, no. 1: 1-3. https://doi.
org/10.1038/s41426-017-0015-8.

Dowden, R. A., L. J. Kerkhof, P. J. Wisniewski, M. M. Haggblom, and
S. C. Campbell. 2024. “Temporal Changes in the Mouse Gut Bacteriota
Influenced by Host Sex, Diet, and Exercise.” Journal of Applied
Physiology 137: 1374-1388.

Dowden, R. A., L. R. McGuinness, P. J. Wisniewski, et al. 2020. “Host
Genotype and Exercise Exhibit Species-Level Selection for Members
of the Gut Bacterial Communities in the Mouse Digestive System.”
Scientific Reports 10, no. 1: 8984.

Englebrecht, G., P.J.J. Van Rensburg, H. Fourie, and S. Claassens. 2020.
“In Vitro Bioassays to Determine the Effect of Bacillus soli Filtrates
on the Paralysis of Meloidogyne incognita Second-Stage Juveniles.”
Nematology 22: 239-243.

Farias, D. H., M. B. Pinto, B. Carra, M. W. Schuch, and P. V. D. de Souza.
2014. “Development of Seedlings of Blueberry Inoculated Arbuscular
Mycorrhizal Fungi.” Revista Brasileira de Fruticultura 36, no. 3:
655-663.

Gadkari, P. S., L. R. McGuinness, M. K. Minnisto, L. J. Kerkhof, and M.
M. Héggblom. 2020. “Arctic Tundra Soil Bacterial Communities Active
at Subzero Temperatures Detected by Stable Isotope Probing.” FEMS
Microbiology Ecology 96, no. 2. https://doi.org/10.1093/femsec/fiz192.

Gallagher, E. L., C. McGuinness, L. Phelps, L. Y. Young, and L. J.
Kerkhof. 2005. “13C-Carrier DNA Shortens the Incubation Time Needed
to Detect Benzoate Utilizing, Denitrifying Bacteria Using Stable Isotope
Probing (SIP).” Applied and Environmental Microbiology 71: 5192-5196.

Gallagher, E. M., L. Y. Young, L. M. McGuinness, and L. J. Kerkhof. 2010.
“Detection of 2,4,6-Trinitrotoluene-Utilizing Anaerobic Bacteria by
15N and 13C Incorporation.” Applied and Environmental Microbiology
76:1695-1698.

Gao, L., R. Wang, J. Gao, et al. 2020. “Analysis of the Structure of
Bacterial and Fungal Communities in Disease Suppressive and Disease
Conducive Tobacco-Planting Soils in China.” Soil Research 58, no. 1:
35-40.

Groben, G., B. B. Clarke, L. J. Kerkhof, et al. 2023. “Mycobiome Analysis
of Tall Fescue Grass Under Drought Stress Using the Illumina MiSeq
and Oxford Nanopore Technology MinION.” Phytobiomes Journal 7, no.
4:413-423.

Hassett, B. T., M. Thines, A. Buaya, S. Ploch, and R. Gradinger. 2019. “A
Glimpse Into the Biogeography, Seasonality, and Ecological Functions
of Arctic Marine Oomycota.” IMA Fungus 10, no. 1: 6.

Hayes, R. J., 1988. “Soil Requirements of Blueberries in Relation to
their Nutrition.” Proceedings of the Agronomy Society of New Zealand
18:143-147.

Horak, I., P. J. J. Van Rensburg, and S. Claassens. 2022. “Effect of
Cultivation Media and Temperature on Metabolite Profiles of Three
Nematicidal Bacillus Species.” Nematology 24: 383-399.

Ibironke, O., L. R. McGuinness, S.-E. Lu, et al. 2020. “Species-Level
Evaluation of the Human Respiratory Microbiome.” GigaScience 9, no.
4:1-10.

Jagdale, G. B., T. Holladay, P. M. Brannen, et al. 2013. “Incidence and
Pathogenicity of Plant-Parasitic Nematodes Associated With Blueberry
(Vaccinium spp.) Replant Disease in Georgia and North Carolina.”
Journal of Nematology 45, no. 2: 92-98.

Jain, M., I. T. Fiddes, K. H. Miga, H. E. Olsen, B. Paten, and M. Akeson.
2015. “Improved Data Analysis for the MinION Nanopore Sequencer.”
Nature Methods 12, no. 4: 351-356.

Jain, M., S. Koren, K. H. Miga, et al. 2018. “Nanopore Sequencing
and Assembly of a Human Genome With Ultra-Long Reads.” Nature
Biotechnology 36, no. 4: 338-345.

Kaur, C., G. Selvakumar, and A. N. Ganeshamurthy. 2017. “Burkholderia
to Paraburkholderia: The Journey of a Plant-Beneficial-Environmental
Bacterium.” In Recent Advances in Applied Microbiology, edited by P.
Shukla, 213-228. Springer. https://doi.org/10.1007/978-981-10-5275-0.

Environmental Microbiology, 2026

11 of 13


https://www.ncbi.nlm.nih.gov/bioproject
https://www.ncbi.nlm.nih.gov/bioproject
https://doi.org/10.1139/cjm-2022-0203
https://doi.org/10.1093/biomethods/bpaa026
https://doi.org/10.1038/s41426-017-0015-8
https://doi.org/10.1038/s41426-017-0015-8
https://doi.org/10.1093/femsec/fiz192
https://doi.org/10.1007/978-981-10-5275-0

Kawash, J., P. V. Oudemans, L. Erndwein, and J. J. Polashock. 2023.
“Assessment and Comparison of Rhizosphere Communities in Cultivated
Vaccinium spp. Provide a Baseline for Study of Causative Agents in
Decline.” Frontiers in Plant Science. https://doi.org/10.3389/fpls.2023.1173.

Kerkhof, L. J., K. P. Dillon, M. M. Hidggblom, and L. R. McGuinness.
2017. “Profiling Bacterial Communities by MinION Sequencing of
Ribosomal Operons.” Microbiome 5, no. 1: 116.

Kerkhof, L. J., P. A. Roth, S. V. Deshpande, et al. 2022. “A Ribosomal
Operon Database and MegaBLAST Settings for Strain-Level Resolution
of Microbiomes.” FEMS Microbes 3: xtac002.

Kerkhof, L. J., K. H. Williams, P. E. Long, and L. R. McGuinness. 2011.
“Phase Preference by Active, Acetate-Utilizing Bacteria at the Rifle CO
Integrated Field Research Challenge Site.” Environmental Science &
Technology 45: 1250-1256.

Klinter, S., V. Bulone, and L. Arvestad. 2019. “Diversity and Evolution
of Chitin Synthases in Oomycetes (Straminipila: Oomycota).” Molecular
Phylogenetics and Evolution 139: 106558.

Krabberod, A. K., E. Stokke, E. Thoen, I. Skrede, and H. Kauserud.
2024. “The Ribosomal Operon Database: A Full-Length rDNA Operon
Database Derived From Genome Assemblies.” Molecular Ecology
Resources 25: e14031. https://doi.org/10.1111/1755-0998.14031.

Li, J., O. V. Mavrodi, J. Hou, C. Blackmon, E. M. Babiker, and D. V.
Mavrodi. 2020. “Comparative Analysis of Rhizosphere Microbiomes of
Southern Highbush Blueberry (Vaccinium corymbosum L.), Darrow's
Blueberry (V. darrowii Camp), and Rabbiteye Blueberry (V. virgatum
Aiton).” Frontiers in Microbiology 11: fmicb.2020.00370. https://doi.org/
10.3389/fmicb.2020.00370.

Liu, T., H. Ahn, W. M. Sun, L. R. McGuinness, L. J. Kerkhof, and M.
M. Higgblom. 2016. “Identification of a Ruminococcaceae Species
as the Methyl Tert-Butyl Ether (MTBE) Degrading Bacterium in a
Methanogenic Consortium.” Environmental Science & Technology 50:
1455-1464. https://doi.org/10.1021/acs.est.5b04731.

Love, M. 1., W. Huber, and S. Anders. 2014. “Moderated Estimation of
Fold Change and Dispersion for RNA-Seq Data With DESeq2.” Genome
Biology 15: 550. https://doi.org/10.1186/s13059-014-0550-8.

Mafune, K. K., B. J. Godfrey, D. J. Vogt, and K. A. Vogt. 2020. “A Rapid
Approach to Profiling Diverse Fungal Communities Using the MinION
Nanopore Sequencer.” BioTechniques 68: 72-78. https://doi.org/10.
2144/btn-2019-0072.

Minnisto, M. K., E. Kurhela, M. Tiirola, et al. 2013. “Acidobacteria
Dominate the Active Bacterial Communities of Arctic Tundra
With Widely Divergent Winter-Time Snow Accumulation and Soil
Temperatures.” FEMS Microbiology Ecology 84: 47-59.

Mazzola, M., and L. M. Manici. 2012. “Apple Replant Disease: Role
of Microbial Ecology in Cause and Control.” Annual Review of
Phytopathology 50: 45-65.

Migunova, V. D., and N. Sasanelli. 2021. “Bacteria as Biocontrol Tool
Against Phytoparasitic Nematodes.” Plants 10: 389. https://doi.org/10.
3390/plants10020389.

Mirchin, R., J. M. Czeresnia, E. P. Orner, S. Chaturvedi, K. Murphy,
and J. D. Nosanchuk. 2022. “The Continuing Emergence of Candida
blankii as a Pathogenic Fungus: A New Case of Fungemia in a Patient
Infected With SARS-CoV-2.” Journal of Fungi 8: 166. https://doi.org/10.
3390/jof8020166.

Noe, J. P, P. M. Brannen, W. T. Holladay, and G. B. Jagdale. 2014.
“Management of Blueberry Replant Disease Caused by Mesocriconema
ornatum in the Early Establishment Phase of Growth.” Phytopathology
104, no. S3: 183.

O'Boyle, S., S. A. Bergin, E. E. Hussey, et al. 2018. “Draft Genome
Sequence of the Yeast Nadsonia starkeyi-henricii UCD142, Isolated
From Forest Soil in Ireland.” Genome Announcements 6: e00549-18.
https://doi.org/10.1128/genomeA.00549-18.

Oehl, F,, E. Sieverding, J. Palenzuela, K. Ineichen, and G. A. da Silva.
2011. “Advances in Glomeromycota Taxonomy and Classification.” IMA
Fungus 2, no. 2: 191-199.

Oksanen, J., F. G. Blanchet, M. Friendly, et al. 2018. Vegan: Community
Ecology Package. Ordination Methods, Diversity Analysis and Other
Functions for Community and Vegetation Ecologists, Version 2.5-1.
CRAN. https://CRAN.R-project.org/package=vegan.

Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA).
2015. Publication 848: Guide to Ginseng Production, 128. Ministry of
Agriculture, Food and Rural Affairs.

Otsuka, Y., Y. Muramatsu, Y. Nakagawa, M. Matsuda, M. Nakamura,
and H. Murata. 2011. “Burkholderia oxyphila sp. Nov., a Bacterium
Isolated From Acidic Forest Soil That Catabolizes (+)-Catechin and Its
Putative Aromatic Derivatives.” International Journal of Systematic and
Evolutionary Microbiology 61, no. 2: 249-254.

Paulitsch, F., R. F. Dall'’Agnol, J. R. M. Delamuta, R. A. Ribeiro, J. S. da
Silva Batista, and M. Hungria. 2019. “Paraburkholderia guartelaensis sp.
Nov., a Nitrogen-Fixing Species Isolated From Nodules of Mimosa gym-
nas in an Ecotone Considered as a Hotspot of Biodiversity in Brazil.”
Archives of Microbiology 201, no. 10: 1435-1446.

Pavlis, G. 2009. The Blueberry Bulletin. Vol. 25. Rutgers University.

Pérez-Garcia, A., D. Romero, and A. de Vicente. 2011. “Plant Protection
and Growth Stimulation by Microorganisms: Biotechnological
Applications of Bacilli in Agriculture.” Current Opinion in Biotechnology
22, no. 2: 187-193.

Pinho, S., I. M. Miranda, and S. Costa-de-Oliveira. 2024. “Global
Epidemiology of Invasive Infections by Uncommon Candida Species:
A Systematic Review.” Journal of Fungi 10: 558. https://doi.org/10.3390/
jof10080558.

Prior, R. L., G. Cao, A. Martin, et al. 1998. “Antioxidant Capacity as
Influenced by Total Phenolic and Anthocyanin Content, Maturity,
and Variety of Vaccinium Species.” Journal of Agricultural and Food
Chemistry 46, no. 7: 2686-2693.

Radajewski, S., P. Ineson, N. R. Parekh, and J. C. Murrell. 2000. “Stable-
Isotope Probing as a Tool in Microbial Ecology.” Nature 403, no. 6770:
646-649.

Redecker, D., A. Schiifiler, H. Stockinger, S. L. Stiirmer, J. B. Morton, and
C. Walker. 2013. “An Evidence-Based Consensus for the Classification
of Arbuscular Mycorrhizal Fungi (Glomeromycota).” Mycorrhiza 23,
no. 7: 515-531.

Schiifiler, A., D. Schwarzott, and C. Walker. 2001. “A New Fungal
Phylum, the Glomeromycota: Phylogeny and Evolution.” Mycological
Research 105, no. 12: 1413-1421.

Seyler, L. M., L. R. McGuinness, J. A. Gilbert, J. F. Biddle, D. Gong, and L.
J. Kerkhof. 2018. “Discerning Autotrophy, Mixotrophy and Heterotrophy
in Marine TACK Archaea From the North Atlantic.” FEMS Microbiology
Ecology 94: fiy014. https://doi.org/10.1093/femsec/fiy014.

Seyler, L. M., L. R. McGuinness, and L. J. Kerkhof. 2014.
“Crenarchaeal Heterotrophy in Salt Marsh Sediments.” ISME Journal
8:1534-1543.

Seyler, L. M., S. Tuorto, L. R. McGuinness, D. L. Gong, and L. J.
Kerkhof. 2019. “Bacterial and Archaeal Specific-Predation in the North
Atlantic Basin.” Frontiers in Marine Science 6: 555. https://doi.org/10.
3389/fmars.2019.00555.

Sezonov, G., D. Joseleau-Petit, and R. d'Ari. 2007. “Escherichia coli
Physiology in Luria-Bertani Broth.” Journal of Bacteriology 189, no. 23:
8746-8749.

Shi, C.-F.,, K.-H. Zhang, C.-Y. Chai, Z.-L. Yan, and F.-L. Hui. 2021.
“Diversity of the Genus Sugiyamaella and Description of Two New
Species From Rotting Wood in China.” MycoKeys 77: 27-39. https://doi.
org/10.3897/mycokeys.77.60077.

12 of 13

Environmental Microbiology, 2026


https://doi.org/10.3389/fpls.2023.1173
https://doi.org/10.1111/1755-0998.14031
https://doi.org/10.3389/fmicb.2020.00370
https://doi.org/10.3389/fmicb.2020.00370
https://doi.org/10.1021/acs.est.5b04731
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.2144/btn-2019-0072
https://doi.org/10.2144/btn-2019-0072
https://doi.org/10.3390/plants10020389
https://doi.org/10.3390/plants10020389
https://doi.org/10.3390/jof8020166
https://doi.org/10.3390/jof8020166
https://doi.org/10.1128/genomeA.00549-18
https://cran.r-project.org/package=vegan
https://doi.org/10.3390/jof10080558
https://doi.org/10.3390/jof10080558
https://doi.org/10.1093/femsec/fiy014
https://doi.org/10.3389/fmars.2019.00555
https://doi.org/10.3389/fmars.2019.00555
https://doi.org/10.3897/mycokeys.77.60077
https://doi.org/10.3897/mycokeys.77.60077

Somera, T.S.,and M. Mazzola. 2022. “Toward a Holistic View of Orchard
Ecosystem Dynamics: A Comprehensive Review of the Multiple Factors
Governing Development or Suppression of Apple Replant Disease.”
Frontiers in Microbiology 13: 949404.

Straker, C.J.1996. “Ericoid Mycorrhiza: Ecological and Host Specificity.”
Mycorrhiza 6, no. 4: 215-225.

Tarigan, S. L., S. Toth, M. Szalai, J. Kiss, G. Turoczi, and S. Toepfer.
2022. “Biological Control Properties of Microbial Plant Biostimulants-A
Review.” Biocontrol Science and Technology 32: 1351-1371. https://doi.
0rg/10.1080/09583157.2022.2129589.

Tuorto, S.J., P. Darias, L. R. McGuinness, et al. 2014. “Bacterial Genome
Replication at Subzero Temperatures in Permafrost.” ISME Journal 8,
no. 1: 139-149.

UNITE Community. 2019. Full UNITE +INSD Dataset for Eukaryotes,
Version 18.11.2018. UNITE Community. https://doi.org/10.15156/BIO/
786348.

Waschkies, C., A. Schropp, and H. Marschner. 1994. “Relations Between
Grapevine Replant Disease and Root Colonization of Grapevine (Vitis
sp.) by Fluorescent Pseudomonads and Endomycorrhizal Fungi.” Plant
and Soil 162, no. 2: 219-227.

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag.

Yang, P., Z. Zhao, J. Fan, et al. 2023. “Bacillus Proteolyticus OSUB18
Triggers Induced Systemic Resistance Against Bacterial and Fungal
Pathogens in Arabidopsis.” Frontiers in Plant Science 14: 1078100.

Yoo, S.-J., S. T. Kim, H.-Y. Weon, J. Songa, and M. K. Sang. 2022.
“Biocontrol Activity of Anti-Salinity Bacillus mesonae H20-5 Against
Bacterial Wilt in Different Tomato Cultivars.” Biological Control 169:
104869.

Yoon, S.-H., S.-M. Ha, S. Kwon, et al. 2017. “Introducing EzBioCloud:
A Taxonomically United Database of 16S rRNA Gene Sequences and
Whole-Genome Assemblies.” International Journal of Systematic and
Evolutionary Microbiology 67, no. 5: 1613-1617.

Yurgel, S. N., G. M. Douglas, A. M. Comeau, et al. 2017. “Variation in
Bacterial and Eukaryotic Communities Associated With Natural and
Managed Wild Blueberry Habitats.” Phytobiomes 1: 102-113.

Yurgel, S. N., G. M. Douglas, A. Dusault, D. Percival, and M. G. L.
Langille. 2018. “Dissecting Community Structure in Wild Blueberry
Root and Soil Microbiome.” Frontiers in Microbiology 9: 1187.

Zhalnina, K., K. B. Louie, Z. Hao, et al. 2018. “Dynamic Root Exudate
Chemistry and Microbial Substrate Preferences Drive Patterns in
Rhizosphere Microbial Community Assembly.” Nature Microbiology 3:
470-480.

Zhou, Y., Y. Liu, X. Zhang, et al. 2022. “Effects of Soil Properties and
Microbiome on Highbush Blueberry (Vaccinium corymbosum) Growth.”
Agronomy 12: 1263. https://doi.org/10.3390/agronomy12061263.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Example of highbush blue-
berry plants in rows exhibiting high productivity (normal growth) and
low productivity (symptomatic of replant disease) where soil samples
were collected. Figure S2: Schematic combining stable isotope prob-
ing (SIP) with sequencing of rRNA operon amplicons via the Oxford
Nanopore MinION device. Figure S3: Example of QA/QC for SIP when
testing both ‘light” (*2C/N) and ‘heavy’ (*3C/'*N) bands for amplifi-
cation depending on organic substrate amendment. Figure S4: Plot
of alignment length versus pairwise identity from 10,000 randomly
selected bacterial rRNA operon reads following classification using
EZBioCloud 16S rRNA database (A). Overall, >2 million reads were
obtained for this study. Relative abundance of the phyla detected in
this study is shown in (B). Figure S5: Bubble plot of the top bacterial

taxa based on relative abundance for the '2C/*N band (resident) and
the 13C/'N band (active) from classification by the EZBioCloud 16S
rRNA database. Red arrows indicate taxa enriched in low productivity
(replant diseased) soils. Figure S6: Plot of alignment length versus pair-
wise identity from 10,000 randomly selected eukaryotic rRNA operon
reads following classification using the UNITE database (A). Overall,
>3 million reads were obtained for this study. Relative abundance of
the phyla detected in this study is shown in (B). Figure S7: Bubble plot
of the top eukaryotic taxa based on relative abundance for the 12C/“N
band (resident) and the '3C/!*N band (active) from classification by the
UNITE ITS database. Red arrows indicate taxa enriched in low pro-
ductivity (replant disease-affected) soils. Figure S8: Plot of alignment
length versus pairwise identity from 10,000 randomly selected bacterial
rRNA operon reads following classification using the bacterial rRNA
operon database.Figure S9. Plot of alignment length versus pairwise
identity from 10,000 randomly selected bacterial rRNA operon reads
following re-classification using the eukaryotic rRNA operon database.
Figure S10: Enriched taxa detected by DESeq2 analysis for the bac-
terial rRNA operon reads following classification using EZ BioCloud
database. Those taxa exhibiting log2-fold-change >2 and adjusted val-
ues p<0.05 are indicated with red dots. Figure S11: Enriched taxa
detected by DESeq2 analysis for the eukaryotic rRNA operon reads fol-
lowing classification using the UNITE database. Those taxa exhibiting
log2-fold-change > 2 and adjusted values p <0.05 are indicated with red
dots. Table S1: Bacterial (A) and eukaryotic (B) universal rRNA operon
primers attached to ONT (Oxford Nanopore Technologies Ltd.) bar-
code sequences. Data S1: emi70280-sup-0003-Supinfol.xlsx. Data S2:
emi70280-sup-0004-Supinfo2.docx.
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