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Strawberry (Fragaria × ananassa Duchesne ex Rozier) is an important small fruit grown 
worldwide. Organic amendments can alter microbial communities and increase 
crop productivity. While research on organic amendments in strawberry cultivation 
has primarily focused on various regions in the U.S., especially the West Coast, there 
has been little to no investigation into their potential benefits in North Carolina (NC). 
A three-year trial was conducted from 2019 to 2022 at the Horticultural Crops 
Research Station in Castle Hayne, NC, U. S. A. The main objective of the study was to 
examine the effects of reduced rates of dried molasses (5.60 t/ha) and mustard meal 
(2.24 t/ha), a half-rate combination of both, a positive control (Pic Clor 60), and a 
negative control (no fumigated and no amended) on soil bacterial communities and 
strawberry yield. Our results from 16S microbiome amplicon sequencing showed 
significant variations in the composition of the soil bacterial community over time 
between the organic amendment treatments and the controls. The alpha diversity 
indices (Shannon index) of the soil bacterial microbiome were generally higher in 
plots with organic amendments than those treated with Pic Clor 60. Taxonomic 
classification revealed that the two phyla, Proteobacteria and Actinobacteriota, were 
prominent in the organic amendment treatments. The total marketable yield rankings 
for the three organic amendment treatments (dried molasses, mustard meal, and 
the half-rate combination of both) were comparable to those achieved through 
fumigation. The results indicated that bacterial structure and yield improved in the 
organic amendment plots, while microbial diversity decreased in the fumigation plots, 
and yields were lower in the untreated plots. This study will inform the selection 
of organic amendments to enhance microbial diversity and promote sustainability 
in strawberry farming in NC.
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1 Introduction

Strawberry (Fragaria × ananassa Duchesne ex Rozier) is a highly nutritious and vital crop 
(Hannum, 2004). The continuous cultivation of strawberries in fields for an extended period 
has decreased the diversity of bacterial communities and soil health parameters, while the 
presence of pathogenic fungi has increased (Li and Liu, 2019; Yang et al., 2023). Organic 
amendments provide essential nutrients, enhance the quality of soil, and impact microbial 
communities, disease management, and crop productivity in various regions (Oldfield et al., 
2018; Strauss and Kluepfel, 2015). An organic amendment refers to any material that increases 
the organic matter content of soil and improves its chemical, physical, and biological properties 
(Goss et al., 2013; Rosskopf et al., 2020).
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Soil management practices such as cover crops, reduced tillage, 
mulches, and organic amendments can improve sustainable soil 
quality, health, and crop productivity (Abawi and Widmer, 2000; 
Louws et al., 2000; Pankhurst, 1997; Rosskopf et al., 2020). Cover 
crops like ryegrass, pearl millet, oats, white clover, cowpea, and hairy 
vetch can be  used as green manure crops before planting. They 
contribute to improved soil health and crop yield, erosion prevention, 
reduction of plant-parasitic nematode populations, and the addition 
of organic matter or nitrogen (e.g., legumes) to subsequent cash crops 
(Fageria et  al., 2005). Two common organic amendments, dried 
molasses, and mustard meal are frequently used in combination with 
anaerobic soil disinfestation (ASD) to reduce soil-borne diseases and 
enhance microbial communities in strawberry and tomato 
production systems across the West Coast, Southeastern, and 
Midwestern regions (Mazzola et al., 2015; Testen and Miller, 2018; 
Vincent et al., 2022; Wang and Mazzola, 2019). Dried molasses is a 
byproduct of the sugar-making process obtained from crushed sugar 
cane and contains high sugar content which positively impacts soil 
microbiomes, improves soil structure and moisture retention; 
functions as a biopesticide, and promotes plant growth and high 
yields (Expósito et al., 2022). On the other hand, various Brassicaceae 
seed meals (SMs) like Sinapis alba L., Brassica juncea L., and 
B. carinata have been utilized as soil amendments in agricultural 
production systems (Mazzola and Brown, 2010; Mazzola et al., 2015). 
Among these, a commercial Brassica pellet called BioFence (Triumph 
Italia SPA) was incorporated into the soil to suppress soil-borne 
pathogens significantly, attributed to a chemically-derived 
mechanism by releasing biologically active glucosinolate hydrolysis 
products such as isothiocyanates (Matthiessen and Kirkegaard, 
2006). Organic amendments must be effective, affordable, readily 
available, and biodegradable for soil microbiomes (Daugovish et al., 
2021, 2023). It is crucial to evaluate how different organic 
amendments affect beneficial microbiomes and crop productivity in 
a new area (Mazzola et al., 2018; Larkin, 2015; Liu et al., 2021; Shu 
et al., 2022). This is necessary because soil, weather conditions, soil-
borne pathogens, microbial communities, and cropping systems vary 
across regions (Strauss and Kluepfel, 2015).

California’s climate and soil composition are unique, making it 
possible for strawberries to grow throughout the year. Several studies 
conducted on the West Coast indicate that organic amendments as 
carbon sources impact soil microbial communities (Deng et al., 2019; 
Hewavitharana et al., 2014, 2019; Poret-Peterson et al., 2019, 2020). For 
example, rice bran used resulted in microbial communities with a 
distinct composition compared to those obtained from molasses 
(Mazzola et al., 2018). The main strawberry growing season in North 
Carolina typically occurs from October to early June. However, it may 
vary depending on geographic locations, soil types, strawberry 
genotypes, growing seasons, and weather conditions (Bandara and 
Janaranjana, 2021; Poling, 1993; Samtani et al., 2019; Rana and Gu, 
2020). Strawberry growers use raised beds with black plastic mulch and 
buried drip irrigation lines. Plugs (rooted strawberry tips) are 
transplanted in the beds in mid-October and managed throughout the 
winter. Harvesting takes place from early April to early June, and 
marketable yields can range from 16.8 t/ha to 33.63 t/ha, with net returns 
from $4,856 t/ha to $6,475/ha (Rysin et al., 2015; Sydorovych et al., 2006). 
Intensive cropping systems have led to low soil carbon inputs and 
reduced soil fertility. Additionally, the lack of crop rotation and high 
dependence on fumigants have caused soil deterioration. Although 

various management practices such as organic amendments, cover crops, 
crop rotations, and biofumigation were evaluated in North Carolina 
(NC), U. S. A. (Louws, 2009; Welker et al., 2008), strawberry growers 
encounter unique challenges, like distinct pest problems, limited access 
to high-yield varieties, and the impact of climate change on disease 
outbreaks (Bandara and Janaranjana, 2021). Importantly, the findings 
from studies on organic amendments conducted on the West Coast may 
not be directly applicable to the East Coast, such as NC. Consequently, 
there is a knowledge gap in conducting a comprehensive assessment of 
the impacts of organic amendments on soil microbiome composition 
and structure, and their effect on strawberry production in 
NC. Depending on organic amendments, they can either increase or 
decrease soil microbial diversity compared to chemical fertilizers (Ahn 
et al., 2012; Bebber and Richards, 2020; Bonanomi et al., 2020; Feng et al., 
2018; Shu et  al., 2022). Soil microbiomes are a vital part of soil 
biodiversity and contribute to various ecosystem processes such as the 
decomposition of organic matter, nutrient cycling, and enhancement of 
plant productivity (Bernard et al., 2014; Bender et al., 2016; Bonanomi 
et  al., 2020; Saleem et  al., 2019; Shu et  al., 2022; Xia et  al., 2020). 
Overusing mineral fertilizers in the past depleted microbial diversity in 
agricultural soils (Zhou et  al., 2020). On the other hand, organic 
amendments, including livestock manure, crop residue, cereal brans, 
molasses, mustard meal, and green manure, not only improve soil 
microbial activities but also alter microbial composition and diversity 
(Gravuer et al., 2019; Li et al., 2021; Liu et al., 2021; Rosskopf et al., 2020; 
Xia et al., 2020; Zhou et al., 2020).

We hypothesize that organic amendments could positively shift 
bacterial community assembly and improve strawberry yield, as this 
could be a critical and unexplored aspect in North Carolina. This 
study aimed to fill the gaps in our knowledge about the effects of two 
organic amendments: dried molasses and mustard meal on bacterial 
abundance, composition, and diversity in the soil, and on crop yield 
in NC. To achieve this, we conducted three-year field trials, extracted 
DNA from the soil, sequenced the V3-V4 region of the 16S ribosomal 
RNA (rRNA), and monitored the yield over time.

2 Materials and methods

2.1 Experimental site description

Field experiments were conducted from 2019 to 2022 at the 
Horticultural Crops Research Station in Castle Hayne, NC, U. S. A. The 
experimental site is situated at a latitude of 34° 21′ 20” N and a longitude 
of 77°53′ 59” W, and its elevation is nine meters above sea level. The 
climate of this area is mild, with warm summers and cool winters. The 
average daily temperature varies between 32°C in the summer and 15°C 
in the winter. The rainfall is evenly distributed throughout the year, with 
an average annual precipitation of 1,118 mm (Robinson, 2005). The 
baseline soil conditions, recorded during land preparation in 2019, 
consisted of a clay sandy loam with a pH of 5.9. The soil had an organic 
carbon content of 1.16%, a cation exchange capacity of 4.5 meq/100 cm2, 
and the following nutrient levels: phosphorus at 90 mg/kg, potash at 14 
mg/kg, magnesium at 8 mg/kg, and calcium at 63 mg/kg. Soil depth 
varies depending on soil types, compactness, and crop root growth. For 
example, strawberry is a shallow-rooted crop, and our experimental site 
has clay sandy loam soil. Thus, we collected soils at a 12 to 15 cm depth to 
assess soil nutrients and microbiomes.
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2.2 Field plot preparation and experimental 
design

In mid-September of the years 2019, 2020, and 2021, three raised 
beds were created for each treatment plot, each 9.2 m long, 0.61 m wide, 
and 0.2 m high, with 1.5 m from the center of one bed to the other. Beds 
were pre-formed, and the organic amendment was added to the top of 
each bed and mixed with the soil at 15 cm soil depth as recommended 
previously (Murphy, 2020) using a rototiller to ensure even distribution. 
The beds were pulled and covered with a 0.025 mm black VaporSafe® 
totally impermeable film (TIF) made of polyethylene plastic mulch 
(Raven Industries, Inc., Sioux Falls, SD, U. S. A.). The experiment was 
arranged using a randomized block design, with each block or replication 
being the same size as the number of treatments (i.e., factor). Additionally, 
each treatment was assigned to one experimental unit within each block. 
The same design with four blocks was used each year. Each block 
consisted of 10 experimental units (plots) in 2020 and 2021, and 5 in 2022 
and treatments were applied annually to the same plot area. Each 
treatment was applied to one experimental unit within the block were 
typically considered as random effects. For microbiome analysis, three 
replications per treatment were utilized to minimize sequencing costs, 
while four replications per treatment were used for yield data analysis.

2.3 Treatments selection

Ten experimental treatments using black or clear plastic mulch 
were evaluated in 2020 and 2021 (Table  1). Only five effective 
treatments for higher yield in 2020 and 2021 were further selected and 
evaluated in 2022.

The following materials were used in these experiments. During 
the summer, a mixture of cowpea and pearl millet cover crops were 
seeded to promote optimal growth. Before seeding in June, a standard 
compost application rate of 16.8 metric tons per hectare was applied, 
as reported by a local waste management consortium (Nuova Amit, 
2007) and previous experience (McWhirt et al., 2014). After this, the 
vegetation was flail-mowed early September to evenly distribute the cut 
residue across the cover crop plots. The residue from the cover crops 
was then incorporated into the soil to a depth of 20 to 30 cm using a 
PTO-driven rototiller, as recommended by McWhirt et al. (2014).

To reduce production costs, we purchased dried molasses (5.60 t/
ha) from Agricultural Carbon Source in Plant City, FL, U. S. A. and 
mustard meal (MM) in the form of BioFence™ (2.24 t/ha) from 
Brassica carinata at Volunteer Ag Products in Greenfield, TN, 
U. S. A. A half rate of MS and MM (½ MS + ½ MM) was also prepared. 
Two control treatments were used: pre-plant chemical fumigation 
using Pic-Clor 60 (60% chloropicrin and 40% 1, 3-dichloro propene; 
196.15 kg/ha) from TriEst Ag Group, Inc., (Greenville, NC, U. S. A.) 
as a positive control and no fumigation and no amendment as a 
negative control. Fumigant beds were prepared by injecting Pic-Clor 
60 with two knives per bed evenly spaced (12 to 15 cm soil depth). 
Two drip lines were placed about 2.5 cm beneath the soil surface and 
spaced approximately 0.3 m apart. The beds were covered with 0.025 
mm black VaporSafe® TIF plastic mulch (Raven Industries, Inc., Sioux 
Falls, SD, U. S. A.). As reported previously (Shennan et al., 2014), all 
beds treated with organic amendments were saturated to a depth of 20 
to 30 cm. This saturation was achieved by applying water at a pressure 
of 83 kPa for up to 6 hours or until beds were saturated, which 
facilitated the rapid breakdown of the organic amendments.

2.4 Planting

The application of readily biodegradable organic amendments is 
followed by irrigating the soil to its field capacity and maintaining 
anaerobic conditions for a specific duration known as the incubation 
period, which typically lasts from 3 to 6 weeks (Meshram et al., 2024; 
Shennan et al., 2014). This process influences the composition of the 
soil microbial community. The standard wait time after fumigation is 
three weeks before planting to prevent crop damage due to chemical 
residues. Therefore, 3 weeks after adding the organic amendments, the 
beds were aerated by puncturing holes in the plastic. The beds were 
planted with five-week-old seedlings, known as plugs, from the 
commercial strawberry variety ‘Chandler’ (Poling, 1993). This variety 
is commonly grown in North Carolina, USA (Samtani et al., 2019), 
and the seedlings were sourced from Aarons Creek Farms Inc. in 
Junction, VA, or Fresh-Pik Produce Inc. in Wilson, NC, 
U. S. A. between October 17 and 18 each year. Sixty plants were 
planted on each bed with offset twin rows at ~0.30 m between each 
plant. Subsequently, plants were watered and fertilized according to 

TABLE 1 Ten treatments were used in field experiments between 2019 and 2021, and five promising treatments/controls were selected and evaluated in 2022.

Serial Noa Treatment Plastic-type used Rate

1* Pic-Clor 60 (Pic 60 or PC) Black 196.15 kg/ha

2* No fumigation and no organic amendments or non-treated control (NTC) Black

3 Cover crop (cowpeas: pearl millet) + compost (CC + Comp) Black Cover crops (cowpea: 112 kg/ha: pearl millet 

11.2 kg/ha) + compost 16.8 t/ha

4* Dried molasses full rate (MS) Black Dried molasses full rate (MS) Black 5.60 t/ha

5 Dried molasses half-rate (½MS) Black Dried molasses half-rate (½MS) Black 2.8 t/ha

6 Mustard meal half-rate (½MM) Black Mustard meal half-rate (½MM) Black 1.12 t/ha

7 Mustard meal full rate (MM) Clear Mustard meal full rate (MM) Clear 2.24 t/ha

8 No fumigation Clear

9* Mustard meal full rate (MM) Black Mustard meal full rate (MM) Black 2.24 t/ha

10* Dried molasses half-rate + mustard half-rate (½ MS + ½ MM) Black Dried molasses half-rate + mustard half-rate 

(1/2 MS + 1/2 MM) Black 2.8 t/ha + 1.12 t/ha

aTen treatments were evaluated in 2020 and 2021 while five treatments (*) were implemented in 2022 based on their effectiveness from the previous 2 years.
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standard production practices (Hoffmann et al., 2021). After the June 
harvest, the strawberry beds were broken up; the same treatment was 
applied to each plot and treated the same way every year.

2.5 Soil sampling

Soil samples for microbiome analysis were collected from the 
harvesting area of each plot, covering approximately 1.9 m2 from the 
entrance of the central bed. To prevent plot interference across the 
years, all data were secured from the central beds of the three-bed plot. 
In 2019, soil samples (20 cores/plot) were collected from each 
treatment after applying organic amendments and Pic-Clor 60 and 
just one day before planting. For the second collection, soil samples 
were collected between the first and second week of April each year. 
A handheld soil probe (1.75 cm internal diameter) was used to collect 
20 cores from the rhizosphere soil in the harvesting area at a depth of 
15 cm. Approximately 500 grams of soil per replicate per treatment 
were collected and mixed well in a 10-liter bucket to create a bulk 
sample. In this study, the term “microbiome” pertains to the bacterial 
communities associated with this soil sample.

2.6 Marketable yield and data analysis

The yield data were collected from the inner 20-plant zone of the 
inner bed. The total marketable yield was recorded weekly in 2020 but 
semi-weekly in 2021 and 2022. Marketable yields were calculated in 
kilograms per hectare (kg/ha). The data was analyzed using the 
Statistical Analysis Software (SAS) Version 9.4 (SAS Institute, 2016) 
through analysis of variance (ANOVA). Two-way ANOVA was used 
to compare the effects of 10 treatments (Table 1) on strawberry yield. 
Mean values were then compared using Tukey’s HSD test at p ≤ 0.05 
level. Spearman’s rank correlation coefficient analysis was performed 
to determine the strength and direction (negative or positive) and to 
assess the r and p-values for the slope of the relationship between the 
2020 and 2021 yield data. Based on these results, five treatments: the 
full rate of dried molasses (MS), the full rate of mustard meal (MM), 
half the rate of dried molasses, and half the rate of mustard meal (½ 
MS + ½ MM), fumigation treatment with Pic-Clor 60 and a control 
treatment without fumigation were selected and evaluated in 2022.

2.7 DNA extraction

DNA was extracted from 0.25 g of rhizosphere soil using the 
DNeasy PowerSoil® Pro kit (QIAGEN Sciences, Germantown, MD, 
U.S.A). The DNA was quantified using a Nanodrop  2000 
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, U.S.A). 
The final DNA concentration was adjusted to 20 ng/μl for each sample 
and then shipped to Novogene Corporation, Sacramento, CA, U.S.A.

2.8 Amplicon sequencing

The bacterial 16S ribosomal RNA (16S rRNA) gene amplicons were 
generated using the forward primer 515F and the reverse primer 806R, 
which target the V4 variable region (Caporaso et al., 2011). This approach 
enhances community clustering with the specified read length (Janssen, 

2006; Klindworth et al., 2013; Liu et al., 2007). Standardized quantities of 
PCR products from each DNA sample were pooled and ligated with 
adapters following the manufacturer’s guidelines (Illumina, San Diego, 
CA, U.S.A.). Sequencing was performed on the Illumina MiSeq platform 
using the MiSeq reagent kit v2 for 250 bp paired-end runs (Novogene 
Corporation, Sacramento, CA, U.S.A.).

2.9 Sequence data processing and 
bioinformatics

The sequencing data was processed using a Novogene proprietary 
pipeline.1 The Quantitative Insights Into Microbial Ecology (QIIME) 
software Version 1.7.0 (Caporaso et al., 2010) was used to filter the raw 
sequence and obtain a high-quality clean sequence (Bokulich et al., 
2013). Aligned clean sequences with SILVA Version 128 (Quast et al., 
2013) using a confidence threshold of 80%. Sequences of barcodes, 
primers, and short sequences containing ambiguous base calls and 
homopolymer runs exceeding 6 bp were removed. Sequences that 
were unassigned or classified as Eukaryota, Archaea, mitochondria, 
and chloroplasts were excluded. The aligned sequences were examined 
for chimeric sequences using UCHIME (Edgar et al., 2011), and any 
chimeric sequences were removed. The processed sequences were 
then clustered into operational taxonomic units (OTUs) at a 97% 
similarity level using UPARSE software (Edgar, 2013) and BLASTn 
from NCBI.2

2.10 Sequence data analysis

Sequence data were analyzed using phyloseq Version 1.20.0 
(McMurdie and Holmes, 2013) and an R software Version 4. 2.0 (R Core 
Team, 2022) and normalized using cumulative sum scaling in 
metagenomeSeq Version 1.18.0 (Paulson et al., 2014). The 16S rRNA 
training set from the Ribosomal Database Project Version 1.20 (Cole 
et al., 2014) was used to assign taxonomy to each OTU. Representative 
sequences were identified at the genus and species level, and the OTUs 
were utilized to compare bacterial communities in the soil across 
different treatments (Supplementary Table S1). Rarefaction curves were 
created based on the observed OTUs (Caporaso et al., 2010). The number 
of sequences was normalized across all samples to 9,999 reads using the 
random subsample method. The Shannon’s diversity index (H′) was used 
to assess bacterial community α-diversity (diversity within treatment) 
using mother Version 1. 34.1 (Schloss et al., 2009) using the minimum 
library size as the default with 1,000-bootstrap resampling. These indices 
were computed for treatments and years, and means were compared 
using Tukey’s Honest Significant Difference (HSD) test (p ≤ 0.001) to 
determine significant differences between treatments.

Venn diagrams (Heberle et al., 2015) were generated to compare 
OTU data of three organic amendment treatments (MS, MM, and ½ 
MS + ½ MM) with Pic-Clor 60 and NTC. The relative abundance of 
taxonomic ranks, such as phylum, genus, and species, were analyzed 
to identify the most abundant OTUs (greater than 0.3%) in each 
treatment. The two-part testing using a nonparametric Wilcoxon 

1 https://www.novogene.com/

2 https://www.ncbi.nih.gov/
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rank-based approach was used to compare the bacterial communities 
across different treatments and years (Wagner et al., 2011). Histograms 
were created to compare the common bacterial phyla with different 
organic amendment treatments and sampling years. They were 
selected to compare the abundance across treatments based on 
cumulative subsampling (CSS). Evolutionary trees were generated to 
compare the common bacterial genera using MUSCLE Version 3.8.31 
(Edgar, 2004). Differentially enriched genera were visualized using 
ternary plots to identify the predominant bacterial species (Bulgarelli 
et al., 2015). This approach allowed for a comparison of individual 
organic amendments with Pic-Clor 60 and the negative control (NTC). 
The density of circles observed in the plots represents the relative 
abundance and distribution patterns of different bacterial species.

The β-diversity of the bacterial community was analyzed to 
generate Bray–Curtis dissimilarity using PAST software Version 4.03 
(Hammer et al., 2001). After normalization, we examined the relative 
abundances of OTUs across each taxonomic rank in every sample to 
assess community dissimilarity coefficients between pairwise 
treatments using the R package metagenomeSeq Version 1.18.0 
(Paulson et al., 2014). Heatmaps were employed to visualize the data, 
and a value of 0.00 indicated that the two treatments were identical. 
Tukey’s HSD test assessed mean differences using a significance level 
(p ≤ 0.05). To determine if bacterial community composition 
clustered according to treatments, non-metric multidimensional 
scaling (NMDS) was conducted using the Bray–Curtis dissimilarity 
index with PAST software Version 4.03 (Hammer et  al., 2001). 
Additionally, a stress value greater than 0.3 indicates a poor 
representation, while a stress value below 0.01 signifies a uniform or 
excellent representation of the bacterial community composition. 
Normalized data were used to assess variations in bacterial taxa across 
treatments. The detected community of taxa in each sample was 
compared to those in all other samples using analysis of similarity 
(ANOSIM) (Hammer et  al., 2001). In ANOSIM data analysis, a 
probability value (PANOSIM) of ≤0.01 and an average correlation 
coefficient (RANOSIM) of 0.98 indicates a strong relationship or 
significant similarities between the two treatments. In contrast, a high 
p value, such as PANOSIM = 0.5, along with a low RANOSIM (ranging from 
0.2 to 0.4), suggests a weak correlation or notable dissimilarities 
between the two treatments.

3 Results

3.1 Sequencing and reads associated with 
the soil microbiomes

Refraction curves typically reached a plateau, indicating that most 
of the community diversity had been sequenced and was sufficient for 
analysis (data not shown). Regardless of treatments, in 2020, amplified 
soil DNA showed the highest total raw and effective sequence 
(Supplementary Figures 1A–D).

3.2 Total OTUs associated with the soil 
microbiomes

The distribution of bacterial communities varied across 
treatments and years. The bacterial shared total OTUs in soil treated 

with MS, MM, and ½ MS + ½ MM differed significantly 
(p ≤ 0.0001) from Pic-Clor 60 and NTC each year 
(Supplementary Figures S2A–L). Overall, the total number of 
shared OTUs was significantly higher by 35 to 45% in the soil 
following all organic amendment treatments. The lowest total 
number of shared OTUs across all treatments occurred in 2019, 
with counts ranging from 3,078 to 3,265 (Supplementary  
Figures S2A–F). In contrast, all treatments achieved the highest 
number of shared OTUs in 2021, with counts ranging from 8,194 to 
8,258 (Supplementary Figures S2G–L). The total shared OTUs for 
MS showed greater significance in 2019 and 2022, but not in the 
intervening years.

3.3 Bacterial abundance changes over time

The CSS-normalized OTU data analysis of bacterial relative 
abundance indicated that eight phyla were prevalent across the 
treatments (Figures  1A–D). These predominant phyla included 
Acidobacteria, Actinobacteria, Bacteroidota, Chloroflexi, Firmicutes, 
Patescibacteria, Planctomycetes, and Proteobacteria, were common to 
all year soils sampled. The impact of organic amendments on the 
relative abundance of bacterial communities varied based on the 
treatments applied and the years examined. For example, significant 
differences were observed each year in the abundance of the bacterial 
phyla Actinobacteria and Proteobacteria between the organic 
amendment treatments (MS, MM, and ½ MS + ½ MM) and the 
positive control (Pic-Clor 60) (Figures  1A–D). Generally, the 
dominant bacterial phyla across all treatments were Firmicutes, 
Proteobacteria, and Actinobacteria, among others. Proteobacteria was 
more abundant in the plots treated with Pic-Clor 60 in 2022 than in 
other sampling years. Firmicutes were less abundant in the control 
treatments in 2019 and 2020 than those that received organic 
amendments. Proteobacteria showed a slight increase in abundance 
across all years following organic amendment treatments. 
Chloroflexota (specifically Chloroflexi) was more abundant in the MM 
and MS + MM treatments than in the others in 2021 (Figure 1C).

Phylogenetic evolutionary trees were analyzed to determine the 
relationships among key bacterial genera under various treatments. 
For example, the genus Bacillus was found to be  predominantly 
present in all three organic amendments across the years 
(Figures  2A–D). Similarly, regardless of the organic amendment 
treatments, Sphingomonas was observed in 2020, KD4-96 in 2021, and 
Burkholderia in 2022. The assembled reads were further analyzed 
using a ternary plot to confirm the effects of organic amendments on 
bacterial functional enrichment categories at the species level, which 
helped identify the bacterial species that support microbial 
establishment in the strawberry rhizosphere. The average abundance 
of the dominant bacterial species associated with the OTUs found in 
soil varied with different organic amendments and across the sampling 
years (Figures 3A–L). Ternary plots indicated that in 2019, the most 
frequently detected species included Chitophagaceae bacterium and 
Rhodanobacter. In 2020, Microcoleus spp., Bacillus aryabhattai, 
Terrabacter, and Clostridium saccharoperbutylaceto were predominant. 
In 2021, C. saccharoperbutylaceto and Bacillus funiculus were the most 
common, while in 2022; the frequently detected species included 
Bradyrhizobium alkalii, Komagataeibacter saccharivora, and Bacillus 
azotoformans (Figures  3A–L). Overall, the presence of these 
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potentially beneficial bacteria demonstrated resilience across all 
the experiments.

3.4 Effects of organic amendments on the 
α-diversity of bacterial communities

The α-diversity for each sample using the Shannon diversity index 
(H′) was used to assess the diversity of bacterial communities in the 
soil. The results indicated that α-diversity varied significantly among 
treatments over the years (Figures 4A–D). Notably, the α-diversity in 
soil treated with Pic-Clor 60 was significantly lower (p ≤ 0.001) than 
in the other treatments. The lowest H′ ranging from 8.2 to 8.5, was 
recorded in 2019 with the application of Pic-Clor 60. Furthermore, the 
reduction in H′ was more pronounced across all treatments in 2019 
compared to other years. In all organic treatments, H′ in 2021 was 
higher, falling between 11 and 11.5, compared to the range of 10 to 

10.5 observed in 2019, 2020, and 2022 (Figures 4A–D). Additionally, 
the α-diversity of bacterial communities showed no significant 
differences in soil treated with MS, MM, and NTC in 2021, with H′ 
values ranging from 9.5 to 11.5.

3.5 Effects of organic amendment 
treatments on the β-diversity of bacterial 
communities

β-diversity analysis was performed to assess the differences in 
bacterial diversity among the treatments (Figures 5A–D). The results 
indicated that Pic-Clor 60 significantly influenced bacterial β-diversity 
in the soil (Tukey’s HSD test, p ≤ 0.001), with dissimilarity coefficients 
ranging from 0.329 in 2019 to 0.133 in 2020. Most samples from the 
respective treatments displayed low coefficient values and did not 
differ significantly from each other or negative control (NTC), 

FIGURE 1

Stacked bar charts display the relative abundance of predominant bacteria at the phylum level (Y-axis) in soil samples collected over 4 years: 2019 (A), 
2020 (B), 2021 (C), and 2022 (D). Sequence data from three replications in each treatment for 2019 to 2022 were used to determine the relative 
abundance of the top eight bacteria at the phylum level. Unknownphyla are categorized as “others.” Each bacterial phylum in each treatment 
isrepresented by the same color for each year, corresponding to three organic amendments (X-axis): dried molasses (MS), mustard meal (MM), and a 
combination of half-rate of both (½ MS + ½ MM). The control treatments included a non-amended control (NTC) and chemical soil fumigation with 
Pic-Clor 60 (PC).
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indicating a high degree of similarity among them. For example, the 
dissimilarity coefficients for all organic amendment treatments (MS, 
MM, and ½ MS + ½ MM) and NTC were consistently below 0.1 and 
showed no significant differences across years (Figures 5A–D).

To assess the variation in bacterial communities across different 
treatments and sampling years, we visualized the OTU data using 

Non-metric Multidimensional Scaling (NMDS) plots (Figures 6A–D). 
In both 2019 and 2022, the soil bacterial communities in plots treated 
with Pic-Clor 60 displayed distinct clustering and significantly 
different bacterial composition (p < 0.0001), indicating the highest 
degree of dissimilarity compared to other treatments (Figures 6A–D). 
In contrast, the bacterial communities in plots treated with organic 

FIGURE 2

The evolutionary phylogenetic trees of the most abundant bacterial genera in soil samples collected over 4 years: 2019 (A), 2020 (B), 2021 (C), and 
2022 (D) are presented in response to three organic amendments: dried molasses (MS), mustard meal (MM), and a combination of half-rate of both (½ 
MS + ½ MM). The controls included non-amended control (NTC) and chemical soil fumigation with Pic-Clor 60 (PC). The sequence data from three 
replications in each treatment were utilized for bacterial community analysis to construct the trees. In the innermost circle, different branches with 
colors represent bacterial phyla. The outermost circle with a stacked bar graph displays the relative abundance of the bacterial genus in each 
treatment. The same color for each year represents each treatment.
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amendments (e.g., MM, MS, or a combination of ½ MS and ½ MM) 
did not show significant differences in composition when compared 
to those treated with Pic-Clor 60 and the negative control (NTC) 
during 2020 and 2021. During these years, clustering by treatment was 
less distinct (Figures  6A–D). The stress values remained low 

throughout the years (i.e., < 0.3), ranging from 0.124 to 0.183. This 
indicates a strong representation of the bacterial community 
composition and a shift towards more stress-tolerant species. Overall, 
communities in soil amended with organic treatments were 
significantly different in composition from those in soil treated with 

FIGURE 3

Ternary plots illustrate the average abundance of the dominant bacterial species found in soil samples collected over 4 years: 2019 (A), 2020 (B), 2021 
(C), and 2022 (D). The sequence data from three replications in each treatment from 2019 to 2022 were used for the bacterial community analysis. 
Each ternary plot is represented as a triangle with sides scaled from zero to one, and the data can be expressed in terms of either proportions or 
absolute values. Each side of the triangle corresponds to one of the three measured components. The axes are arranged as follows: the X-axis is at the 
bottom of the plot, the Y-axis is on the right, and the Z-axis is on the left. A point is plotted on the triangle so that a line drawn perpendicular to each 
side from the point intersects at the respective component values. The impacts of three organic amendments were examined: dried molasses (MS), 
mustard meal (MM), and a combined half-rate of both (½ MS + ½ MM), along with a non-amended control (NTC) and a chemical soil fumigation 
treatment using Pic-Clor 60 (PC). The proportions of the three components in the plots are unconstrained, varying from zero to one. The size of each 
circle and color in the plots indicates the abundance of specific bacterial species in the soil.
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Pic-Clor 60 in 2022 (PANOSIM ≤ 0.07 and RANOSIM ≥ 0.42). However, the 
bacterial communities observed in 2019 (PANOSIM  ≤ 0.24 and 
RANOSIM ≥ 0.49) and 2020 (PANOSIM ≤ 0.73 and RANOSIM ≥ −0.13), and in 
2021 (PANOSIM ≤ 0.78 and RANOSIM ≥ −0.14) suggested some degree of 
overlap between the bacterial compositions across treatments 
(Supplementary Table S2).

3.6 Effects of organic amendment 
treatments on strawberry yield

Across 3 years, the total marketable yield fluctuated annually, with 
the lowest yield observed in 2020. Generally, cumulative marketable 
yields ranged from 4,775 kg/ha to 29,815 kg/ha (Figures 7A–C). Plots 
covered with clear plastic (NTC-CLR) in 2020 and 2021 displayed low 
marketable yields. Similarly, plots using compost/cover crop 
(CC + Comp) and plots covered with clear plastic (CLR), whether 
amended with MM full rate (MM-CLR) or not amended (NTC-CLR), 
also reported the lowest yields in both years. In 2021, all non-CLR 
treatments were similar (Figure 7B). Spearman’s correlation coefficient 
was used to examine organic amendments’ positive or negative 
influence on yield and the relationship between yields in 2020 and 
2021. The coefficient value of 0.98 was highly significant (p ≤ 0.0001) 
(Supplementary Figure S3), indicating that the treatments that 
resulted in the highest yield in 2020 also led to the highest yield in 
2021. The MS at full rate, the MM at half rate (½ MM), and the ½ 
MS + ½ MM combination produced higher yields than the NTC and 

showed similar yields as the Pic-Clor 60 in 2020 (Figure 7A). In 2022, 
the ½ MS + ½ MM combination and MS full rate amendments 
generated higher yields compared to both the NTC and Pic-Clor 60, 
while the MM full rate produced marketable berries equivalent to the 
Pic-Clor 60 treatment and higher than the NTC (Figure 7C).

4 Discussion

The experiments examine the association of bacterial communities 
with strawberry soil in North Carolina, USA. The results indicate that 
organic amendments can alter the bacterial microbiome in strawberry 
fields and increase crop yield. This effect selectively enriches certain 
bacteria populations known to be beneficial in plant production systems, 
aligning with previous studies that examined various organic 
amendments and agricultural byproducts used with anaerobic soil 
disinfestation (ASD) in different states across the United States (Adhikari 
and Louws, 2022; Adhikari et al., 2023; Bernard et al., 2014; Rosskopf 
et al., 2020; Strauss and Kluepfel, 2015; Testen et al., 2021). Therefore, 
investigating the interactions of the factors that shape the bacterial 
microbiome is crucial.

This study investigates the effects of two common organic 
amendments, molasses, and mustard meal on bacterial community 
composition, diversity, and strawberry yield. The results suggest 
that these treatments increased yields compared to the non-treated 
control (NTC) in two out of 3 years. They performed similarly to, 
or even better than, the fumigation treatment in all three years. 

FIGURE 4

Comparison of the α-diversity of bacterial communities found in soil samples collected over 4 years: 2019 (A), 2020 (B), 2021 (C), and 2022 (D) in 
response to three organic amendments: dried molasses (MS), mustard meal (MM), and a combination half-rate of both (½ MS + ½ MM). The controls 
included non-amended control (NTC) and chemical soil fumigation with Pic-Clor 60 (PC). The sequence data from three replications in each 
treatment from 2019 to 2022 were used for bacterial community analysis in the soil. The boxplots display Shannon’s index (H′) on the Y-axis and 
treatments on the X-axis. The same color for each year represents each treatment. Mean values followed by the same letter are not significantly 
different based on Tukey’s honest significant difference test (p ≤ 0.05).
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This supports our hypothesis that organic amendments can 
positively impact microbial communities and enhance crop yields. 
A previous study demonstrated that organic amendments 
positively influenced bacterial diversity, which can enhance 
nutrient turnover and provide additional nutrients for plant 
growth (Fan et  al., 2021). These amendments are essential for 
maintaining soil microbial communities and offer various 
benefits, including improved organic matter decomposition, 
enhanced soil structure, and health, increased crop yields, and 
suppression of soilborne pathogens (Bonilla et al., 2012; Liu et al., 
2021; Luo et al., 2018; Thangarajan et al., 2013; Shu et al., 2022). 
Specifically, the application of mustard meal at rates of 4.4 to 6.6 
tons per hectare and molasses at 20 to 25 tons per hectare has been 
shown to positively alter microbial communities and impact crop 

yields (Mazzola et  al., 2015, 2018; Poret-Peterson et  al., 2019; 
Testen and Miller, 2018).

Application different rates of the mustard meal (2.2, 4.4, and 6.6 t/
ha) were compared on specific rootstock genotypes to manage apple 
replant disease in the Pacific region (Wang and Mazzola, 2019). 
Another organic amendment, dried molasses, has been applied at a 
rate of 20 to 22 t/ha to mitigate soil-borne pathogens in tomatoes in 
Florida and Ohio (Testen and Miller, 2018; Vincent et  al., 2022). 
Liquid or dried MS has also been used at a rate of 20 to 22 t/ha in 
tomatoes in Florida and Ohio (Testen and Miller, 2018; Vincent et al., 
2022). Although using higher rates of MS and MM has been shown to 
affect soil microbial communities positively (Mazzola et al., 2015; 
Testen and Miller, 2018; Vincent et  al., 2022; Wang and Mazzola, 
2019), excessive application of organic amendments can lead to 

FIGURE 5

Comparison of the β-diversity of bacterial communities found in soil samples collected over 4 years: 2019 (A), 2020 (B), 2021 (C), and 2022 (D) in 
response to three organic amendments: dried molasses (MS), mustard meal (MM), and a combination half-rate of both (½ MS + ½ MM). The controls 
included non-amended control (NTC) and chemical soil fumigation with Pic-Clor 60 (PC). The sequence data from three replications in each 
treatment from 2019 to 2022 were used for bacterial community analysis in soil. Heatmaps were created to compare the dissimilarity coefficients and 
compared according to Tukey’s honest significant difference test (p ≤ 0.001). The dissimilarity coefficient score shows red for a decrease and green for 
an increase in bacterial β-diversity in treatment-paired comparisons.
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increased production costs. Therefore, we determined whether dried 
molasses (5.60 t/ha) and mustard meal (2.24 t/ha) and a combination 
of half the rate of both (1:1 ratio), would still be effective in treating 
the bacterial communities over three years during strawberry 
production. These rates were lower than those used in previous studies 
in other states (Mazzola et al., 2015; Testen and Miller, 2018; Vincent 
et al., 2022). Specific bacterial and fungal phyla were found to be more 
abundant in MM-treated soil compared to the control (Wang and 
Mazzola, 2019).

Some dominant taxa, e.g., Actinobacteria and Proteobacteria, were 
identified in this study in response to organic amendments. The 
application of MS and composted poultry litter to the soil can 
significantly enhance the microbial communities, including 
actinomycetes, arbuscular mycorrhizal fungi, Gram-positive and 
Gram-negative bacteria, and protozoa (Welbaum et  al., 2004). 
Additionally, MS contains free sugars that support microbial 
communities (Bonanomi et al., 2020) and members of the Bacteroidetes 

and Proteobacteria quickly flourish in nutrient-rich environments 
(Fierer et al., 2007). Intriguingly, the members of Firmicutes phylum 
exhibited low abundance in the soil initially, but it became more 
prevalent following all organic amendment treatments in the 
subsequent years. Previous investigations also suggest that members 
of Firmicutes were enriched in soils treated with organic amendments 
(Poret-Peterson et al., 2019; Strauss and Kluepfel, 2015). In contrast, 
soil treated with rice bran did not show the presence of the Firmicutes 
phylum (Mazzola et al., 2018). Field crops like rice (Edwards et al., 
2015), wheat (Ai et al., 2015), and smooth cordgrass (Hong et al., 2015) 
have indicated an increase in the relative abundance of Proteobacteria. 
Evidence from several studies suggested that management practices 
(Edwards et al., 2015; Wipf et al., 2021), soil depths (Schlatter et al., 
2018, 2020), host genotypes (Hassani et al., 2023; Peiffer et al., 2013), 
geographic sites (Edwards et al., 2015, 2018), and microenvironments, 
and soil physiochemical properties near the rhizoplane of plants play 
critical roles in plant-microbe associations (Singh et al., 2004; Trivedi 

FIGURE 6

Ordination was conducted using nonmetric multidimensional scaling (NMDS) of operational taxonomic units, accompanied by the analysis of similarity 
(ANOSIM) (Hammer et al., 2001). This analysis was performed on soil samples collected over four years: 2019 (A), 2020 (B), 2021 (C), and 2022 (D). The 
study investigated the impact of three organic amendments: dried molasses (MS), mustard meal (MM), and a combination of half-rates of both (½ 
MS + ½ MM), along with a non-amended control (NTC) and chemical soil fumigation using Pic-Clor 60 (PC). Each treatment is represented by a 
symbol and organized by the same color for each year. The sequence data from three replications in each treatment from 2019 to 2022 were 
combined and used for bacterial community analysis. In ANOSIM data analysis, a probability value (PANOSIM) of ≤0.01 and an average correlation 
coefficient (RANOSIM) of 0.98 indicate a strong relationship or significant similarities between the two treatments. In contrast, a high p value, such as 
PANOSIM = 0.5, and a low RANOSIM (ranging from 0.2 to 0.4) suggests a weak correlation or dissimilarities between the two treatments.
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et  al., 2020). The differences in bacterial community composition 
observed across years in this study could be  attributed to micro-
environmental conditions in the soil, plant growth, and interactions 
between plants and microbiomes (Mowlick et  al., 2013, 2014; 
Robinson, 2005; Stremińska et al., 2014; Stromberger et al., 2005).

Cumulative marketable yields varied considerably between 
years, but yields in 2020 and 2022 were lower than in 2021. Due 
to the COVID-19 pandemic during harvest in 2020, movement 
restrictions led to a lack of timely crop and pest management 
practices, resulting in irreversible losses at different crop stages 
and affecting the quantity and quality of the harvest. Variation in 
yield is frequently a function of fall and winter conditions that 
impact plant growth and yield potential (Poling, 1993). 
Throughout the study, only one strawberry cultivar., ‘Chandler’ 
was used. When plating soil suspensions on semi-selective media 
from various treatments, we observed several novel strains of 
beneficial Gram-positive and Gram-negative bacteria associated 
with strawberry plants. For example, one such strain is Bacillus 
aryabhattai, which can dissolve phosphate, synthesize 
siderophores, produce plant growth hormones, and enhance salt 
tolerance (Bhattacharyya et al., 2017; Liu et al., 2020; Park et al., 
2017; Shahid et al., 2022). Although these organic amendments 
positively affected bacterial composition and strawberry yield, it 
is essential to note that the experiments were conducted in just 
one location. Conducting additional studies in different places in 
the future can help mitigate potential biases and offer a more 
comprehensive understanding of how microbial diversity responds 
to organic amendments.

In conclusion, low MS and MM rates, each at half the usual amount, 
can enhance beneficial bacterial microbiomes and marketable yield in 
field-grown strawberries. This approach can also lower production costs 
compared to the high rates used in other studies. These findings have 

practical implications for improving agricultural practices and increasing 
strawberry yield. Next-generation sequencing technologies and 
culturomics can provide further insights into microbiome functions and 
plant-microbiome interactions. Ultimately, these findings could lead to 
biologically based solutions for improving soil and plant health and 
increasing crop yield in conventional and organic strawberry 
production systems.
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FIGURE 7

Impacts of organic amendments on strawberry yield in North Carolina, U. S. A. In 2020 and 2021, 10 treatments were evaluated, and each treatment 
was represented by a line graph and organized in the same color for each year. Acronyms for treatments are defined in materials and methods 
(Table 1). (A) The cumulative yield (Y-axis) was harvested over eight weekly harvests (X-axis) in 2020. As denoted by the same letter, the cumulative 
marketable yield progress was not significantly different based on repeated measures analysis and the Fisher Protected LSD (p ≤ 0.05). (B) The 
cumulative marketable yield progress curves at semi-weekly harvests in 2021 revealed that each curve when followed by the same letter, exhibited no 
significant difference based on repeated measures analysis and the Fisher Protected LSD (p ≤ 0.05). An independence analysis indicated a significant 
correlation between the 10 treatment ranking of total yield in 2020 and the yield in 2021 (Supplementary Figure S3). (C) Three promising organic 
amendments treatments: dried molasses (MS), mustard meal (MM), and a combination half-rate of both (½ MS + ½ MM), and the controls included 
non-amended control (NTC) and chemical soil fumigation with Pic-Clor 60 (PC) were selected and further evaluated in 2022. The cumulative 
marketable yield progress curves at semi-weekly harvests showed each amendment increased yield compared to the NTC, and yields were greater or 
similar to the fumigation treatment denoted by the same letter based on repeated measures analysis and the Fisher Protected LSD (p ≤ 0.05).
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