
Lee et al. AMB Expr          (2021) 11:134  
https://doi.org/10.1186/s13568-021-01294-6

ORIGINAL ARTICLE

Investigation of soil microbiome 
under the influence of different mulching 
treatments in northern highbush blueberry
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Yongsun Cho1 , Sang Do Ha3  and Si Hong Park1*  

Abstract 

Microbial communities on soil are fundamental for the long-term sustainability of agriculture ecosystems. Microbiota 
in soil would impact the yield and quality of blueberries since microbial communities in soil can interact with the 
rhizosphere of plant. This study was conducted to determine how different mulching treatments induce changes 
in soil microbial composition, diversity, and functional properties. A total of 150 soil samples were collected from 5 
different mulch treatments (sawdust, green weed mat, sawdust topped with green weed mat, black weed mat, and 
sawdust topped with black weed mat) at 3 different depths (bottom, middle, and top region of 20 cm soil depth) 
from 2 different months (June and July 2018). A total of 8,583,839 sequencing reads and 480 operational taxonomic 
units (OTUs) of bacteria were identified at genus level. Eight different plant growth promoting rhizobacteria (PGPR) 
were detected, and the relative abundances of Bradyrhizobium, Bacillus, and Paenibacillus were more than 0.1% 
among all soil samples. Sampling depth and month of soil samples impacted the amount of PGPR, while there were 
no significant differences based on mulch type. Functional properties of bacteria were identified through PICRUSt2, 
which found that there is no significant difference between mulch treatment, depth, and month. The results indicated 
that sampling month and depth of soil impacted the relative abundance of PGPR in soil samples, but there were no 
significant differences of functional properties and beneficial microbial communities based on mulch type.
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Key points

• Analysis of soil microbiome in five different soil 
mulch types

• Bacterial functions in soil were predicted
• Mulch treatment did not significantly affect on soil 

microbiome

Introduction
Blueberries are the fruits obtained from two major blue-
berry species in the US market, the highbush (Vaccinium 
corymbosum L. and hybrids of Vaccinium corymbosum 
and Vaccinium darrowi) and lowbush (V. angustifo-
lium L.) species (Wan et al. 2012). Highbush blueberries 
are cultivated in almost all of the North America, while 
lowbush blueberries are only produced commercially 
in eastern Canada and the northeastern US (Kang et al. 
2015). Blueberries are a class of fruits having bioactivi-
ties which high in anthocyanins, phenolic acids, flavo-
noids, and flavan-3-oils. It has been reported that some 
bioactivities may manipulate antioxidant activity, anti-
tumor, anti-inflammation and modulatory effects on a 
variety of cancer cells, acting on specific kinase-regulated 

Open Access

*Correspondence:  sihong.park@oregonstate.edu
1 Department of Food Science and Technology, Oregon State University, 
3051 SW Campus Way, Corvallis, OR 97331, USA
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-8946-4471
http://orcid.org/0000-0003-2324-0181
http://orcid.org/0000-0002-6512-5870
http://orcid.org/0000-0001-5904-9464
http://orcid.org/0000-0001-9972-1454
http://orcid.org/0000-0002-6810-2092
http://orcid.org/0000-0001-6587-7020
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13568-021-01294-6&domain=pdf


Page 2 of 12Lee et al. AMB Expr          (2021) 11:134 

pathways. Since anthocyanins in blueberries were iden-
tified as an antioxidant in human cells, which can pro-
vide beneficial effects on human health (Bornsek et  al. 
2012). Compared to other fruits and vegetables, a high 
antioxidant ability has been reported for lowbush blue-
berries (Conner et al. 2002; Kalt et al. 2000; Wang et al. 
2017). With a continuous growing consumer’s interest 
in health-improving related foods, blueberry produc-
tion is increasing worldwide (Caspersen et  al. 2016). In 
addition, highbush blueberry was shown to inhibit car-
bohydrate hydrolyzing enzymes such as α-amylase and 
α-glucosidase, which can provide positive effects for 
type-2 diabetes (Johnson et al. 2011).

In recent years, the term ‘plant microbiome’ has 
received substantial attention since it influences both 
plant health and productivity (Lakshmanan et  al. 2014). 
As it becomes rapid and easy how microbiome can influ-
ence ecosystems, there is a growing interest in micro-
biomes for shaping microbiota to alter ecosystems of 
interest (Loon et  al. 2017). The plant microbiota is no 
longer considered as a single system, but rather dynamic 
entities comprising both plants and the soil microbial 
communities with complex interactions and functions 
(Vandenkoornhuyse et  al. 2015). Plant-related microbi-
ome research is important for improving human health 
and enhancing agricultural productivity.

Plant growth promoting rhizobacteria (PGPR) benefi-
cially canonize the surface of plant roots and are known 
to influence plant growth by various direct or indirect 
mechanisms (Moncada et  al. 2021). When it comes to 
plants, the rhizosphere and plant roots are continuously 
influenced by each other through the rhizodeposition 
which is an important interface process of the exchange 
and balance of the carbon among plant, soil, and micro-
organisms (Jones et  al. 2004; Moe 2013). For these rea-
sons, the Earth Microbiome Project (EMP) was launched 
in August 2010, to process the microbial diversity and 
functional potential from approximately 200,000 envi-
ronment samples to understand the microbial properties 
of soil samples (Gilbert et al. 2014).

Weed management in blueberry farms is critical for the 
economic side since the presence of weeds contributes 
to decreasing the yield of the crop (Krewer et  al. 2008). 
Mulching is widely used in agricultural areas, mainly 
because of their effectiveness for weed control (Julian 
et  al. 2012; Strik et  al. 2017). Application of mulch to 
the inrow area in blueberry farms improves production 
by improving weed control, holding soil moisture, and 
enhancing plant growth (Burkhard et al. 2009; Strik et al. 
2020). Mulching with sawdust or a combination of saw-
dust and compost provided plant-available cations and 
increased soil organic matter compared to a black, woven 
polypropylene ground cover (weed mat) placed over bare 

soil (Larco et al. 2011; Strik et al. 2019). Blueberry farms 
in the northwestern US commonly used a mulch of doug-
las fir sawdust [Pseudotsuga menziesii (Mirb.) Franco], 
but in-row mulching with a black weed mat is now most 
common (Strik et al. 2021). Mulches may also affect root 
growth differently by altering the moisture and tempera-
ture in the soil (Strik et al. 2020). A sawdust topped with 
weed mat was more economical for weed control than 
weed mat over bare soil due to a positive effect on pro-
ductivity (Strik et  al. 2021). Currently, several colors of 
woven polypropylene weed mat are available for weed 
control, including black, white, and green (Strik et  al. 
2020).

The objective of this study was to evaluate the impact 
of different mulches, including sawdust, black or green 
weed mat, and sawdust covered with black or green weed 
mat on soil microbiome composition, functional analysis, 
and PGPR changes, which can potentially influence on 
blueberry plants.

Materials and methods
Experimental site
The experimental research site, establishment and man-
agement practices were described in a previous study 
(Strik et  al. 2020). Briefly, the 0.14-ha area was located 
at the North Willamette Research and Extension Center 
(NWREC) of Oregon State University (OSU) in Aurora, 
OR (lat.45°16′47″ N, long.122°45′23″ W). The soil was 
composed of a Willamette silt loam (a mixed fine-silty, 
superactive mesic Pachic Ultic Argixeroll). A 5–8  cm 
deep layer of douglas fir sawdust was applied to the in-
row area and mixed with the soil to a depth of around 
20  cm. No fertilizer amendments were applied. Raised 
beds were formed using a bed shaper (1.2 m and 0.6 m 
wide at the base and top, respectively). Eighteen-month-
old ‘Duke’ blueberry plants were planted on October 4th, 
2016 at a standard spacing 0.9  m between plants and 
3  m between rows. Mulch treatments were applied on 
top of the raised beds and included an 8-cm-deep layer 
of douglas fir sawdust, black weed mat (Baycor, Ten Cate 
Nicolon, Pendergrass, GA), green weed mat (Guerner & 
Irmãos, Perosinho, Portugal), and black or green weed 
mat over a 5-cm deep layer of sawdust. In each case, 
weed mat was installed in a “zippered” system with two 
1-m-wide panels overlapping at the middle of the beds. 
Holes were cut in the weed mat around the crown of the 
plants. The black and green weed mat had a density of 
108 and 130 g/m−2 and water infiltration rate of 407 and 
554 L/m−2/min−1, respectively. Plots of each treatment 
were arranged in a completely randomized block design 
with five replicates. Each plot included a row of nine 
plants and was separated from adjacent plots in the row 
by 3 m.
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Fig. 1 Sampling strategy for soil at the blueberry trial site. A blueberry trial site located at the NWREC in Aurora, OR, B 0–20 cm soil layers using a 
soil sampler probe which divide three different even depth, C random split-plot design for five different mulch treatments, and D mulch treatment 
design. S sawdust, Gr green weed mat, Gr-S sawdust topped with green weed mat, Bl black weed mat, and Bl-S sawdust topped with black weed 
mat
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Soil sample collection
The soil samples at blueberry research site (Fig. 1A) were 
collected from 0 to 20  cm layers using a soil sampler 
probe, and soil samples were divided into three different 
depths (bottom, middle, and top) (Fig.  1B). To investi-
gate the effect of mulch treatment on the soil microbial 
communities, the five treatments were established using 
a split-plot design with randomly allocated 5 replicated 
plots per treatment (Fig.  1C). The mulch types are des-
ignated as sawdust (S), green weed mat (Gr), sawdust 
topped with green weed mat (Gr-S), black weed mat (Bl), 
and sawdust topped with black weed mat (Bl-S) (Fig. 1D). 
A total of 150 soil samples [5 treatments × 5 replicated 
plots × 3 depths (bottom, middle, and top) × 2 times 
(June and July)] were collected and stored in 50 ml sterile 
tubes at -20°C until further experiments.

DNA extraction
Bacterial and fungal DNA were extracted from 0.5  g of 
soil using a DNeasy PowerSoil DNA Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s instruction. 
The concentration of isolated DNA was measured via a 
Qubit 4 Fluorometer (Thermo Fisher Scientific, Waltham, 
MA, USA), and subsequently diluted with DNase-RNase 
free water to achieve a final concentration of 10 ng/µl.

Library preparation
The microbial sequencing library was prepared target-
ing the V4 region of 16S rRNA gene for bacteria based 
on previous report (Kozich et al. 2013). In brief, extracted 
DNA from each sample was amplified using a high-
fidelity AccuPrimeTM Pfx SuperMix (Thermo Fisher 
Scientific) and PCR products were confirmed through 
1% agarose gel electrophoresis. Amplified PCR ampli-
cons were normalized using a SequalPrep™ Normali-
zation Plate Kit (Thermo Fisher Scientific) according to 
the manufacturer’s recommendation to standardize an 
equal amount of DNA (1–2 ng/µl). Following normaliza-
tion, 5 ul of each normalized aliquot were combined into 
a pooled sample to construct a DNA sequencing library, 
and quantify a concentration via a KAPA Library Quan-
tification Kit (Kapa Biosystems, Woburn, MA, USA). 
Finally, the library was diluted to the appropriate con-
centration prior to sequencing via MiSeq (Illumina, San 
Diego, CA, USA).

Microbiome sequencing via an Illumina MiSeq platform
20  nM of pooled 16S rRNA gene library and 20  nM of 
PhiX control v3 (Illumina) were mixed with 0.2 N of fresh 
NaOH and HT1 buffer (Illumina) to produce the final 
concentration at 7.8 pM. The resulting library was mixed 
with the PhiX control v3 (10%, v/v, Illumina) and 600 µl 

loaded on a MiSeq® v2 Reagent cartridge (500 cycle, Illu-
mina) for sequencing.

Data analyses
Both demultiplexed R1 and R2 microbial raw sequences 
were acquired directly from the Illumina BaseSpace 
website (https:// bases pace. illum ina. com/ dashb oard) 
and sequences were analyzed via a Quantitative Insights 
into Microbial Ecology 2 (QIIME 2, version 2020.11) 
open source pipeline (Bolyen et al. 2019). Demultiplexed 
sequences were joined and denoised for quality control 
via DADA2 scripts, available in QIIME 2, to generate a 
feature table for further analysis including measurement 
of community richness via Pielou’s evenness index. The 
processed sequencing data were compared to reference 
bacterial data from the GreenGenes (V.13.8) (http:// green 
genes. lbl. gov). For further statistical analysis and visual 
exploration, an operational taxonomic unit (OTU) table 
with taxa in plain format and metadata file was uploaded 
to the MicrobiomeAnalyst tool available at http:// www. 
micro biome analy st. ca (Dhariwal et  al. 2017). Addition-
ally, the functional content of microbiome data from all 
soil samples was predicted using a Phylogenetic Inves-
tigation of Communities by Reconstruction of Unob-
served States 2 (PICRUSt 2) (Langille et al. 2013). Alpha 
diversity, prevalence of three major PGPR and functional 
potential were compared statistically via analysis of vari-
ance (ANOVA) test.

Results
Taxonomic analysis of soil microbiome
After quality control, a total of 8,583,839 V4 region of 
16S rRNA gene amplicon sequences were generated from 
150 samples, including five mulching treatments (S, Gr, 
Gr-S, Bl, and Bl-S) with different months (June and July 
2018) and depths (bottom, middle, and top) from each of 
five replicated plots. The mean value for the frequency of 
bacterial sequences per sample was found to be 57,226 
reads after data was analyzed using a QIIME2. A total of 
480 OTUs for bacteria were identified in the genus level.

Overall, list of the detected top 10 bacterial taxa from 
phylum level were shown in Fig.  2A and B. In brief, 
Proteobacteria (24.7%), Acidobacteria (13.1%), Crenar-
chaeota (11.9%), Actinobacteria (11.5%), Planctomycetes 
(9.5%), Firmicutes (7.3%), Chloroflexi (6.0%), Verrucomi-
crobia (4.7%), Bacteroidetes (1.8%), and Gemmatimona-
detes (1.7%) were the 10 most abundant bacterial taxa 
at the phylum level. The most abundant bacterial genera 
with at least 1% of relative abundance were: Candidatus 
Nitrososphaera (5.4%), Rhodoplanes (3.4%), Bradyrhizo-
bium (2.8%), Chthoniobacteraceae DA101 (2.7%), and 
Planctomyces (1.9%) (Fig.  2C and D). Among all the 

https://basespace.illumina.com/dashboard
http://greengenes.lbl.gov
http://greengenes.lbl.gov
http://www.microbiomeanalyst.ca
http://www.microbiomeanalyst.ca
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bacteria at genus level, Bradyrhizobium was the most 
abundant plant growth promoting rhizobacteria (PGPR).

PGPR prevalence in soil
PGPR are soil bacteria inhabiting the root surface and 
directly or indirectly involved in promoting growth 
and development of plants (Ahemad and Kibret 2014). 

Based on the microbiome results, 8 different PGPR 
(Bradyrhizobium, Bacillus, Paenibacillus, Mesorhizo-
bium, Rhizobium, Azospirillum, Acinetobacter, and 
Pseudomonas) were detected in soil samples. Among 
these 8 PGPR, the relative abundance of Bradyrhizo-
bium and Bacillus were exhibited to be more than 
1% for all samples (Table  1). According to the relative 

Fig. 2 The most abundant taxa in phylum level (more than 1%) of bacteria in 5 different mulched soil; bacterial communities from A June and B 
July The most abundant taxa in genus level (more than 1%) of bacteria in 5 different mulched soil; bacterial communities from C June and D July. S 
sawdust, Gr green weed mat, Gr-S sawdust topped with green weed mat, Bl black weed mat, and Bl-S sawdust topped with black weed mat
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abundance of the 3 major PGPR, there was no signifi-
cant effect of mulch treatment while the relative abun-
dance of bacteria was dependent on sampling month 
and the depth of soil samples (P > 0.05). Especially 
Bradyrhizobium decreased in July from June in all 
treatments, but Bacillus and Paenibacillus showed an 
increasing trend (Table 1).

Alpha diversity
Alpha diversity of the microbial communities was ana-
lyzed using the evenness which derived from the analy-
sis generated by QIIME 2 (https:// qiime2. org/). The 
evenness indicated how microbial communities of each 
species are close to one another in an environment. 
When it comes to analyzing alpha diversity, the even-
ness of sampling month and mulch treatment showed 
no significant differences (P > 0.05) (Fig.  3). However, 
according to depth, the bottom region exhibited a sig-
nificant low evenness compared to the middle or top 
region of soil (P < 0.05) (Fig. 3).

Functional analysis
In order to compare functional potentials based on dif-
ferent mulching treatments, depths, and months, func-
tional contents were predicted from 16S rRNA marker 
gene using PICRUSt2. Several predicted pathways were 
significantly enriched in the microbiome; carbohydrate 
metabolism, amino acid metabolism, energy metabolism, 
metabolism of cofactors and vitamin, nucleotide metab-
olism, lipid metabolism, xenobiotics biodegradation 
metabolism, metabolism of other amino acids, metabo-
lism of terpenoids and polyketides, glycan biosynthesis 
and metabolism, and biosynthesis of other secondary 
metabolites (Table  2). According to the functionality of 
the soil microbiota, carbohydrate metabolism and amino 
acid metabolism were the most abundant more than 19% 
and biosynthesis of other secondary metabolites were 
the lowest abundant (2.2%) function. Other functional 
potentials of soil microbiome in June and July showed 
the similar ranges as follows: energy metabolism (14%), 
metabolism of cofactors and vitamins (12.7–12.8%), 
nucleotide metabolism (8.1%), lipid metabolism (6.4%), 

Table 1 Relative abundance (%) of PGPR identified in soil samples higher than 0.1% of all the soil samples

No significant difference between groups (P > 0.05)

S sawdust, Gr green weed mat, Gr-S sawdust topped with green weed mat, Bl black weed mat, and Bl-S sawdust topped with black weed mat

Category Relative abundance (%)

June July

S Gr Gr_S Bl Bl_S S Gr Gr_S Bl Bl_S

PGPR

 Bradyrhizobium 3.67 ± 1.53 2.89 ± 0.79 2.87 ± 0.98 2.90 ± 0.92 2.57 ± 0.84 2.69 ± 1.18 2.76 ± 1.31 2.66 ± 0.81 2.53 ± 0.67 2.77 ± 0.87

 Bacillus 1.43 ± 0.68 1.84 ± 0.66 1.74 ± 1.51 1.50 ± 0.75 1.66 ± 0.86 3.00 ± 4.90 2.07 ± 1.13 2.03 ± 0.86 2.28 ± 0.71 1.77 ± 0.71

 Paenibacillus 0.62 ± 0.44 0.40 ± 0.40 0.46 ± 0.40 0.57 ± 0.42 0.53 ± 0.43 0.75 ± 0.59 0.49 ± 0.48 0.62 ± 0.53 0.77 ± 0.43 0.56 ± 0.39

Fig. 3 Alpha diversity (evenness) of bacteria between different sampling depth, month, and mulch type in soil samples. B bottom, M middle, T top, 
S sawdust, Gr green weed mat, Gr-S sawdust topped with green weed mat, Bl black weed mat, and Bl-S sawdust topped with black weed mat

https://qiime2.org/
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xenobiotics biodegradation and metabolism (5.1–5.3%), 
metabolism of other amino acids (4.9–5%), metabolism 
of terpenoids and polyketides, and glycan biosynthesis 
and metabolism (3.2–3.5%). Overall, functional poten-
tials of each soil microbiome in June and July showed no 
significant differences (P > 0.05).

Microbial communities of soil on phylum level
Heat maps of the microbial community of five soil sam-
ples in June and July based on phylum level were deter-
mined (Fig.  4). The results of microbial communities in 
the soil samples exhibited a variety of values. For exam-
ple, Crenarchaeota in the bottom region in June was 
remarkably higher than other regions while the Crenar-
chaeota in July was decreased but the middle region was 
increased. In the top area, Proteobacteria and Bacteroi-
detes in June were noticeably detected. In addition, Bac-
teroidetes in the top region was more identified than the 
bottom and the middle area in June and July.

Dendrogram of soil microbiome
The dendrogram of soil microbiome in June and July were 
produced using Bray–Curtis Index (Fig.  5). Soil micro-
bial community in each sampling depth was clustered in 
June while both middle and bottom regions were strongly 
clustered together in July.

Discussion
The goal of our research was to analyze the bacterial 
populations from different mulching treatments, depths, 
and months. The soil that surrounds the plant roots is a 
primary source of the bacterial agents promoting plant 
growth. The analysis of bacterial communities from dif-
ferent mulching treatments and depths of soil samples 
provided a better understanding of how the microbial 
communities differ. Briefly, eight notable PGPR were 
identified that slightly differences in relative abundance 
depend on sampling depth and month. Although there 
was no statistical difference in PGPR composition and 
functional properties by treatments, sampling depth and 
month exhibited significant differences in Bradyrhizo-
bium and Bacillus.

According to the previous study, the composition of 
bacterial communities in wild or cultivated blueberry 
soil samples, Acidobacteria, Actinobacteria, Proteobacte-
ria, Chloroflexi, and Bacteroidetes were identified as the 
most relatively abundant bacteria (phylum level) corre-
sponding to the findings in our study (Foulon et al. 2016; 
Yurgel et al. 2017). In the genus level, Candidatus Nitros-
osphaera, Bradyrhizobium, Rhodoplanes, Chthoniobacte-
raceae DA101, and Planctomyces were the most relatively 
abundant bacteria among all the soil samples, and among 
5 most abundant bacteria, which is the at least one 

percent of relative abundance. The bacteria Bradyrhizo-
bium is the PGPR which improves the growth of blue-
berry plants through nitrogen-fixing (Kaneko et al. 2002).

The PGPR, which are the bacteria living on or inside 
plant roots, exert highly beneficial effects on plant 
growth and development by direct or indirect mecha-
nisms (Timmusk et  al. 2017). When it comes to our 
microbiome analysis, Bradyrhizobium, Bacillus, Pae-
nibacillus, Mesorhizobium, Rhizobium, Azospirillum, 
Acinetobacter, and Pseudomonas were identified as 
PGPR (Ahemad and Kibret 2014) and among 8 differ-
ent PGPR, only Bradyrhizobium, Bacillus, and Paeniba-
cillus showed at least 0.1% of relative abundance. While 
mulching treatment did not impact the PGPR composi-
tion, sampling months (June and July) and depths (bot-
tom, middle, and top region) impacted the statistical 
differences between soil samples. For instance, the rela-
tive abundance of Bradyrhizobium in June samples was 
significantly decreased at the bottom region. Moreover, 
in June, the relative abundance of Bradyrhizobium from 
the middle region of Gr treated soil was significantly 
lower than the top and bottom region. Additionally, the 
relative abundance of Bacillus was also showed to be 
significantly increased in July. Bradyrhizobium, which 
is the most abundant PGPR among all the soil samples, 
can fix atmospheric nitrogen by converting it to nitrog-
enous compounds (Bogino et al. 2006). According to the 
Wani and Khan (2010), Bacillus is able to work as a nitro-
gen fixer and produce indoleacetic acid (IAA), which is 
the most common naturally occurring plant hormone 
to regulate the plant gene. Lastly, Paenibacillus species 
can promote crop growth directly via biological nitrogen 
fixation, phosphate solubilization, production of the phy-
tohormone IAA, and release of siderophores that enable 
iron acquisition. They can also offer protection against 
insect herbivores and phytopathogens, including bacte-
ria, fungi, nematodes, and viruses (Grady et al. 2016).

PICRUSt2 was used to predict the functional com-
position of the metagenomes from soils with different 
mulching treatments, depths, and months. The predicted 
abundance of these genes was compared between soil 
samples. Overall, carbohydrate metabolism and amino 
acid metabolism related functional genes were the most 
abundant in soil samples between bacterial communities 
from soil, and biosynthesis of other secondary metabo-
lites and glycan biosynthesis and metabolism were the 
lowest functional genes from soil samples. In order to 
understand how mulching treatments, sampling depths 
and months impacted the functional gene abundance 
between microbial communities in soil samples, we com-
pared the relative abundance of functional genes, but 
there were no significant differences observed between 
samples.
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Fig. 4 Heat map of microbial communities of soil based on phylum level. S sawdust, Gr green weed mat, Gr-S sawdust topped with green weed 
mat, Bl black weed mat, and Bl-S sawdust topped with black weed mat
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Wang et al. (2020) identified that mulching practices 
in apple trees can influence soil quality with microbial 
communities and four treatments (conventional tillage, 
intercrop ryegrass cover, inter-row cornstalk mulch, 
and black ground fabric mulch). The comprehensive 
results of our study were different from this previous 
study in that the previous study exhibited significant 
differences in bacterial richness and increased the OTU 
abundance. Different mulching treatments, however, 
may influence the results of these studies. Furthermore, 
the soil samples of this study were prepared by differ-
ent depths and two months periods, whereas the pre-
vious study collected soil samples in each different soil 
in apple trees. Study by Chen et al. (2019) where alpha 
diversity of rhizosphere and non-rhizosphere were 
compared, non-rhizosphere soil exhibited more diverse, 
or less even, microbial diversity which suggest bot-
tom region of soil may too far from the plant roots as 
rhizosphere that resulted lower evenness of diversity in 
the present study. Moreover, the results of the present 
study may be influenced by a variety of factors, such as 
climate, soil properties, and the period of experiments. 
Chou et al. (2018) reported that soil microbial compo-
sition under vine from 2014 to 2016. According to the 
previous study, climatic conditions play a significant 
role in microbial structure by demonstrating climate 
differences as the key factor explaining variance in soil 
and grape fungal assemblage. As this present study was 
conducted in June and July, which is the warm and dry 
season in Oregon, it can agree with the previous study. 
In the future, there is a need to obtain effective data 
through long-term soil microbiome analysis. In addi-
tion, it is necessary to confirm the effect of mulching 

by additionally performing a functional study of each 
microorganism.

Acknowledgements
The authors would like to thank Dr. Irene Hanning, adjunct professor of the 
College of Genome Sciences and Technology at the University of Tennessee, 
for her critical review.

Authors’ contributions
SI, JC, and SP conceived and designed research. SI, JC, BS, AD, and SP con-
ducted experiments and collected samples. SI, JM, JN, HH, and SP analyzed the 
data and drafted the manuscript. JC, JN, YC, SH, HH, and SP wrote and critically 
reviewed the manuscript. All authors read and approved the manuscript.

Funding
This research was partially supported by Oregon State University startup funds 
and Oregon Department of Agriculture Specialty Crop Block Grant Program 
(ODA-SCBGP, ODA-4190-GR) awarded to Si Hong Park.

Availability of data and material
The 16S rRNA sequences are available at the BioProject of the National Center 
for Biotechnology Information (NCBI); PRJNA743071.

Code availability
Not applicable.

Declarations

Ethics approval and consent to participate
This article does not contain any studies with human participants or animals 
performed by any of the authors.

Consent to participate
Not applicable.

Consent for publication
All coauthors agreed to publish date in the scientific journal.

Competing interests
The authors declared that they do not have conflict of interests.

Author details
1 Department of Food Science and Technology, Oregon State University, 3051 
SW Campus Way, Corvallis, OR 97331, USA. 2 Department of Horticulture, 

Fig. 5 Dendrogram of soil microbiome in five different mulch types, depths, and months. B Bottom, M Middle, T Top



Page 11 of 12Lee et al. AMB Expr          (2021) 11:134  

Oregon State University, Corvallis, OR, USA. 3 Department of Food Science 
and Technology, Chung-Ang University, Anseong, Gyeonggi-do, Republic 
of Korea. 

Received: 16 September 2021   Accepted: 21 September 2021

References
Ahemad M, Kibret M (2014) Mechanisms and applications of plant growth 

promoting rhizobacteria: current perspective. J King Saud Univ Sci 
26:1–20. https:// doi. org/ 10. 1016/j. jksus. 2013. 05. 001

Bogino P, Banchio E, Rinaudi L, Cerioni G, Bonfiglio C, Giordano W (2006) 
Peanut (Arachis hypogaea) response to inoculation with Bradyrhizobium 
sp. in soils of Argentina. Ann Appl Biol 148(3):207–212. https:// doi. org/ 10. 
1111/j. 1744- 7348. 2006. 00055.x

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, 
Alexander H, Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K, 
Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ, Caraballo- Rodríguez AM, 
Chase J, Cope EK, Silva RD, Diener C, Dorrestein PC, Douglas GM, Durall 
DM, Duvallet C, Edwardson CF, Ernst M, Estaki M, Gauglitz JM, Gibbons 
SM, Gibson DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, Holmes S, Holste 
H, Huttenhower C, Huttley GA, Janssen S, Jarmusch AK, Jiang L, Kaehler 
BD, Kang KB, Keefe CR, Keim P, Kelley ST, Knights D, Koester I, Kosciolek T, 
Kreps J, Langille MGI, Lee J, Ley R, Liu YX, Loftfield E, Lozupone C, Maher 
M, Marotz C, Martin BD, McDonald D, Mclver LJ, Melnik AV, Metcalf JL, 
Morgan SC, Morton JT, Naimey AT, Navas-Molina JA, Nothias LF, Orcha-
nian SB, Pearson T, Peoples SL, Petras D, Preuss ML, Pruesse E, Rasmussen 
LB, Rivers A, Robeson ll MS, Rosenthal P, Segata N, Shaffer M, Shiffer A, 
Sinha R, Song SJ, Spear JR, Swafford AD, Thompson LR, Torres PJ, Trinh P, 
Tripathi A, Turnbaugh PJ, UI-Hasan S, Hooft JJJ, Vargas F, Vázquez-Baeza 
Y, Vogtmann E, Hippel M, Walters W, Wan Y, Wang M, Warren J, Weber 
KC, Williamson CHD, Willis AD, Xu ZZ, Zaneveld JR, Zhang Y, Knight R, 
Caporaso JG, (2019) Reproducible, interactive, scalable and extensible 
microbiome data science using QIIME 2. Nat Biotechnol 37:852–857. 
https:// doi. org/ 10. 1038/ s41587- 019- 0209-9

Bornsek SM, Ziberna L, Polak T, Vanzo A, Ulrih NP, Abram V (2012) Bilberry 
and blueberry anthocyanins act as powerful intracellular antioxidants 
in mammalian cells. Food Chem 134(4):1878–1884. https:// doi. org/ 10. 
1016/j. foodc hem. 2012. 03. 092

Burkhard N, Lynch D, Percival D, Sharifi M (2009) Organic mulch impact on 
vegetation dynamics and productivity of highbush blueberry under 
organic production. Hort Sci 44(3):688–696. https:// doi. org/ 10. 21273/ 
HORTS CI. 44.3. 688

Caspersen S, Svensson B, Håkansson T, Winter C, Khalil S, Asp H (2016) Blue-
berry-Soil interactions from an organic perspective. Sci Hortic 208:78–91. 
https:// doi. org/ 10. 1016/j. scien ta. 2016. 04. 002

Chen S, Zhu Y, Shao T, Long X, Gao X, Zhou Z (2019) Relationship between 
rhizosphere soil properties and disease severity in highbush blueberry 
(Vaccinium corymbosum). Appl Soil Ecol 137:187–194. https:// doi. org/ 10. 
1016/j. apsoil. 2019. 02. 015

Chou MY, Heuvel JV, Bell TH, Buisse KP, Kniffin JK (2018) Vineyard under-vine 
floor management alters soil microbial composition, while the fruit 
microbiome shows no corresponding shifts. Sci Rep 8:11039. https:// doi. 
org/ 10. 1038/ s41598- 018- 29346-1

Conner AM, Luby JJ, Hancock JF, Berkheimer S, Hanson EJ (2002) Changes in 
fruit antioxidant activity among blueberry cultivars during cold-temper-
ature storage. J Agri Food Chem 50(4):893–898. https:// doi. org/ 10. 1021/ 
jf011 212y

Dhariwal A, Chong J, Habib S, King IL, Agellon LB, Xia J (2017) MicrobiomeAna-
lyst: a web-based tool for comprehensive statistical, visual and meta-
analysis of microbiome data. Nucleic Acids Res 45:W180–W188. https:// 
doi. org/ 10. 1093/ nar/ gkx295

Foulon J, Zappelini C, Durand A, Valot B, Blaudez D, Chalot M (2016) Impact 
of poplar-based phytomanagement on soil properties and micro-
bial communities in a metal-contaminated site. FEMS Microbiol Ecol 
92(10):fiw163. https:// doi. org/ 10. 1093/ femsec/ fiw163

Gilbert JA, Jansson JK, Knight R (2014) The Earth Microbiome project: 
successes and aspirations. BMC Biol 12:69. https:// doi. org/ 10. 1186/ 
s12915- 014- 0069-1

Grady EN, MacDonald J, Liu L, Richman A, Yuan ZC (2016) Current knowledge 
and perspectives of Paenibacillus: a review. Micro Cell Factories 15:203. 
https:// doi. org/ 10. 1186/ s12934- 016- 0603-7

Johnson MH, Lucius A, Meyer T, Gonzalez de Mejia E (2011) Cultivar evaluation 
and effect of fermentation on antioxidant capacity and in vitro inhibi-
tion of α-amylase and α-glucosidase by highbush blueberry (Vaccinium 
corombosum). J Agri Food Chem 59(16):8923–8930. https:// doi. org/ 10. 
1021/ jf201 720z

Jones DL, Hodge A, Kuzyakov Y (2004) Plant and mycorrhizal regulation of 
rhizodeposition. New Phytol 163(3):459–480. https:// doi. org/ 10. 1111/j. 
1469- 8137. 2004. 01130.x

Julian JW, Strik BC, Larco HO, Bryla DR, Sullivan DM (2012) Costs of establish-
ing organic northern highbush blueberry: Impacts of planting method, 
fertilization, and mulch type. Hort Sci 47(7):866–873. https:// doi. org/ 10. 
21273/ HORTS CI. 47.7. 866

Kalt W, Mcdonald JE, Donner H (2000) Anthocyanins, phenolics, and anti-
oxidant capacity of processed lowbush blueberry products. J Food Sci 
65(3):390–393. https:// doi. org/ 10. 1111/j. 1365- 2621. 2000. tb160 13.x

Kaneko T, Nakamura Y, Sato S, Minamisawa K, Uchiumi T, Sasamoto S, Wata-
nabe A, Idesawa K, Iriguchi M, Kawashima K, Kohara M, Matsumoto M, 
Shimpo S, Tsuruoka H, Wada T, Yamada M, Tabata S (2002) Complete 
genomic sequence of nitrogen-fixing symbiotic bacterium Bradyrhizo-
bium japonicum USDA110. DNA Res 9(6):189–197. https:// doi. org/ 10. 
1093/ dnares/ 9.6. 189

Kang J, Thakali KM, Gitte SJ, Wu X (2015) Phenolic acids of the two major 
blueberry species in the US market and their antioxidant and anti-inflam-
matory activities. Plant Foods Hum Nutr 70(1):56–62. https:// doi. org/ 10. 
1007/ s11130- 014- 0461-6

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD (2013) Develop-
ment of a dual-index sequencing strategy and curation pipeline for 
analyzing amplicon sequence data on the MiSeq Illumina sequencing 
platform. Appl Environ Microbiol 79(17):5112–5120. https:// doi. org/ 10. 
1128/ AEM. 01043- 13

Krewer G, Tertuliano M, Andersen P, Liburd O, Fonsah G, Serri H, Mullinix B 
(2008) Effect of mulches on the establishment of organically grown 
blueberries in Georgia. Acta Hort 810:483–488. https:// doi. org/ 10. 17660/ 
ActaH ortic. 2009. 810. 63

Lakshmanan V, Selvaraj G, Bais HP (2014) Functional soil microbiome: below-
ground solutions to an aboveground problem. Plant Physiol 166:689–700. 
https:// doi. org/ 10. 1104/ pp. 114. 245811

Langille MG, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, 
Clemente JC, Burkepile DE, Thurber RLV, Knight R, Beiko RG, Huttenhower 
C (2013) Predictive functional profiling of microbial communities using 
16S rRNA marker gene sequences. Nat Biotechnol 31:814–821. https:// 
doi. org/ 10. 1038/ nbt. 2676

Larco H, Strik B, Sullivan D, Bryla D (2011) Mulch effects on highbush blueberry 
under organic management. Acta Hort 1018:375–382. https:// doi. org/ 10. 
17660/ ActaH ortic. 2014. 1018. 40

Loon FJ, Ling H, Lee YS, Chang MW (2017) Microbiome engineering: current 
applications and its future. Biotechnol J 12(3):1600099. https:// doi. org/ 10. 
1002/ biot. 20160 0099

Moe LA (2013) Amino acids in the rhizosphere: from plants to microbes. Am J 
Bot 100(9):1692–1705. https:// doi. org/ 10. 3732/ ajb. 13000 33

Moncada A, Miceli A, Vetrano F (2021) Use of plant growth-promoting rhizo-
bacteria (PGPR) and organic fertilization for soilless cultivation of basil. Sci 
Hort 275(3):109733. https:// doi. org/ 10. 1016/j. scien ta. 2020. 109733

Strik BC, Davis AJ (2021) Individual and combined use of sawdust and weed 
mat mulch in a new planting of northern highbush blueberry. III. Yield, 
fruit quality, and costs. Hort Sci 56(3):363–367. https:// doi. org/ 10. 21273/ 
HORTS CI156 59- 20

Strik BC, Davis AJ, Bryla DR, Orr ST (2020) Individual and combined use of 
sawdust and weed mat mulch in a new planting of northern highbush 
blueberry I. Impacts on plant growth and soil and canopy temperature. 
Hort Sci 55(8):1280–1287. https:// doi. org/ 10. 21273/ HORTS CI151 22- 20

Strik BC, Vance A, Bryla DR, Sullivan DM (2017) Organic production systems in 
northern highbush blueberry: I. Impact of planting method, cultivar, ferti-
lizer, and mulch on yield and fruit quality from planting through maturity. 
Hort Sci 52(9):1201–1213. https:// doi. org/ 10. 21273/ HORTS CI121 79- 17

Strik BC, Davis AJ, Bryla DR, Sullivan DM (2019) Organic production sys-
tems in northern highbush blueberry: II. Impact of planting method, 
cultivar, fertilizer, and mulch on leaf and soil nutrient concentrations 

https://doi.org/10.1016/j.jksus.2013.05.001
https://doi.org/10.1111/j.1744-7348.2006.00055.x
https://doi.org/10.1111/j.1744-7348.2006.00055.x
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1016/j.foodchem.2012.03.092
https://doi.org/10.1016/j.foodchem.2012.03.092
https://doi.org/10.21273/HORTSCI.44.3.688
https://doi.org/10.21273/HORTSCI.44.3.688
https://doi.org/10.1016/j.scienta.2016.04.002
https://doi.org/10.1016/j.apsoil.2019.02.015
https://doi.org/10.1016/j.apsoil.2019.02.015
https://doi.org/10.1038/s41598-018-29346-1
https://doi.org/10.1038/s41598-018-29346-1
https://doi.org/10.1021/jf011212y
https://doi.org/10.1021/jf011212y
https://doi.org/10.1093/nar/gkx295
https://doi.org/10.1093/nar/gkx295
https://doi.org/10.1093/femsec/fiw163
https://doi.org/10.1186/s12915-014-0069-1
https://doi.org/10.1186/s12915-014-0069-1
https://doi.org/10.1186/s12934-016-0603-7
https://doi.org/10.1021/jf201720z
https://doi.org/10.1021/jf201720z
https://doi.org/10.1111/j.1469-8137.2004.01130.x
https://doi.org/10.1111/j.1469-8137.2004.01130.x
https://doi.org/10.21273/HORTSCI.47.7.866
https://doi.org/10.21273/HORTSCI.47.7.866
https://doi.org/10.1111/j.1365-2621.2000.tb16013.x
https://doi.org/10.1093/dnares/9.6.189
https://doi.org/10.1093/dnares/9.6.189
https://doi.org/10.1007/s11130-014-0461-6
https://doi.org/10.1007/s11130-014-0461-6
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.17660/ActaHortic.2009.810.63
https://doi.org/10.17660/ActaHortic.2009.810.63
https://doi.org/10.1104/pp.114.245811
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://doi.org/10.17660/ActaHortic.2014.1018.40
https://doi.org/10.17660/ActaHortic.2014.1018.40
https://doi.org/10.1002/biot.201600099
https://doi.org/10.1002/biot.201600099
https://doi.org/10.3732/ajb.1300033
https://doi.org/10.1016/j.scienta.2020.109733
https://doi.org/10.21273/HORTSCI15659-20
https://doi.org/10.21273/HORTSCI15659-20
https://doi.org/10.21273/HORTSCI15122-20
https://doi.org/10.21273/HORTSCI12179-17


Page 12 of 12Lee et al. AMB Expr          (2021) 11:134 

and relationships with yield from planting through maturity. Hort Sci 
54(10):1777–1794. https:// doi. org/ 10. 21273/ HORTS CI141 97- 19

Timmusk S, Behers L, Muthoni J, Muraya A, Aronsson AC (2017) Perspectives 
and challenges of microbial application for crop improvement. Front 
Plant Sci 8:49. https:// doi. org/ 10. 3389/ fpls. 2017. 00049

Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A, Dufresne A (2015) 
The importance of the microbiome of the plant holobiont. New Phytol 
206(4):1196–1206. https:// doi. org/ 10. 1111/ nph. 13312

Wan C, Yuan T, Cirello AL, Seeram NP (2012) Antioxidant and α-glucosidase 
inhibitory phenolics isolated from highbush blueberry flowers. Food 
Chem 135(3):1929–1937. https:// doi. org/ 10. 1016/j. foodc hem. 2012. 06. 056

Wang Y, Liu L, Luo Y, Awasthi MK, Yang J, Duan Y, Li H, Zhao Z (2020) Mulching 
practices alter the bacterial-fungal community and network in favor of 
soil quality in a semiarid orchard system. Sci Total Environ 725:138527. 
https:// doi. org/ 10. 1016/j. scito tenv. 2020. 138527

Wang H, Guo X, Hu X, Li T, Fu X, Liu RH (2017) Comparison of phytochemical 
profiles, antioxidant and cellular antioxidant activities of different varieties 

of blueberry (Vaccinium spp.). Food Chem 217:773–781. https:// doi. org/ 
10. 1016/j. foodc hem. 2016. 09. 002

Wani PA, Khan MS (2010) Bacillus species enhance growth parameters of 
chickpea (Cicer arietinum L.) in chromium stressed soils. Food Chem 
Toxicol 48(11):3262–3267. https:// doi. org/ 10. 1016/j. fct. 2010. 08. 035

Yurgel SN, Douglas GM, Comeau AM, Mammoliti M, Dusault A, Percival D, 
Langille MGL (2017) Variation in bacterial and eukaryotic communities 
associated with natural and managed wild blueberry habitats. Phytobi-
omes J 1(2):102–113. https:// doi. org/ 10. 1094/ PBIOM ES- 03- 17- 0012-R

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.21273/HORTSCI14197-19
https://doi.org/10.3389/fpls.2017.00049
https://doi.org/10.1111/nph.13312
https://doi.org/10.1016/j.foodchem.2012.06.056
https://doi.org/10.1016/j.scitotenv.2020.138527
https://doi.org/10.1016/j.foodchem.2016.09.002
https://doi.org/10.1016/j.foodchem.2016.09.002
https://doi.org/10.1016/j.fct.2010.08.035
https://doi.org/10.1094/PBIOMES-03-17-0012-R

	Investigation of soil microbiome under the influence of different mulching treatments in northern highbush blueberry
	Abstract 
	Key points
	Introduction
	Materials and methods
	Experimental site
	Soil sample collection
	DNA extraction
	Library preparation
	Microbiome sequencing via an Illumina MiSeq platform
	Data analyses

	Results
	Taxonomic analysis of soil microbiome
	PGPR prevalence in soil
	Alpha diversity
	Functional analysis
	Microbial communities of soil on phylum level
	Dendrogram of soil microbiome

	Discussion
	Acknowledgements
	References




