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Fig. 3.

The effect of 0.25 and 0.5% carvacrol (CR), thymol (TY), and B-resorcylic acid (BR) on the
endogenous soil bacteria in sandy loam agricultural soil. The error bars represent SEM (n=6).
The treatments were added to the soil at the respective concentrations and homogenized. The
samples were stored in the dark at room temperature and the endogenous soil bacteria was

enumerated on days 0, 1, 3, 7, 14, and 21.
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Chapter 1V

The effect of plant derived antimicrobials on soil pH, nutrients levels and

microbiome composition
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Abstract

Agricultural soil represents a potential source for contamination of fresh produce with
foodborne pathogens. Our previous studies revealed that three plant-derived antimicrobials
(PDAS), carvacrol (CR), thymol (TY), and B-resorcylic acid (BR) exerted significant antimicrobial
effect on Salmonella and L. monocytogenes in soil. However, for these PDASs to be considered
beneficial soil amendments, they must maintain healthy soil conditions such as pH, nutrients, and
the microbiome, especially because many bacteria have been shown to exert direct and indirect
positive effects on plant health. Therefore, this study investigated the effect of CR, TY, and BR

on soil pH, nutrients levels and the microbiome.

Sandy loam soil collected from a commercial produce farm was treated with 0.5% CR,
TY, or BR and stored at room temperature for 21 days. On days 0, 7, 14, and 21, the soil
samples were analyzed for changes in pH and nutrient content. To determine the effect of PDAs
on the soil microbiome either in the presence or absence of Salmonella, soil aliquots (20 g)
inoculated with or without ~6 Log CFU/g of a four serovar mixture of Salmonella (S.
Montevido, S. Braenderupe, S. Baildon, and S. Newport) were mixed with CR and TY (0.5%),
and incubated as described earlier. On days 0, 7, 21, and 42, total microbial DNA from soil

samples (0.5 g) were extracted, and subjected microbiome analysis.

None of the three plant compounds resulted in changes to the soil nutrient levels outside of
normal limits (P < 0.05). However, BR reduced the soil pH to slightly below recommended levels
(P < 0.05), which resulted in an elevated available aluminum concentration. The addition of CR
and TY as well as Salmonella did not significantly change the alpha diversity of the soil microbial
communities, although they affected the beta-diversity. However, there were no apparent

detrimental changes to the major soil phyla. Carvacrol and TY increased the population of
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beneficial soil bacteria, Bacillus, and improved the community composition when compared to
Salmonella alone, especially by increasing Rhizobiales (P < 0.05). Results indicate that CR and
TY did not exert any detrimental effect on soil nutrient and microbiome composition, thereby
suggesting their potential use as soil amendments for improving the microbiological safety of fresh

produce.

47



1. Introduction

Pre-harvest produce contamination by foodborne pathogens is a rising concern in the food
industry as fruits and vegetables are the leading cause of foodborne outbreaks when compared to
other food groups (DeWaal and Bhuiya, 2007; Doyle & Erickson, 2008; Painter et al., 2013).
Several pathogens, including Salmonella, which is the leading bacterial cause of produce-
associated outbreaks (DeWaal and Bhuiya, 2007), are excreted in the feces of domestic and wild
animals. Therefore treatment of soil with fresh or improperly composted manure can potentially
contaminate agricultural soil, subsequently causing produce contamination. Moreover,
contaminated irrigation water could contribute to pathogen contamination of soil and root
vegetables (Islam, 2004a,b; You et al., 2006). Thus pre-harvest interventions for reducing
pathogens in agricultural soil are valuable for improving the microbiological safety of fresh
produce. However, it is important that any soil amendment used in agriculture must support plant
health by maintaining proper soil pH and nutrient level as well as a balanced endogenous

microflora.

The three major soil nutrients critical for plant health are nitrogen, phosphorous, and
potassium (Lines-Kelly, 2004). Nitrogen is necessary for plant growth because it forms proteins
and chlorophyll. Phosphorous aids in early root development and photosynthesis, while potassium
helps in disease resistance and moving nutrients through the plant (Lines-Kelly, 2004). In addition,
calcium is used for root and leaf development, whereas magnesium is vital for the production of
chlorophyll (Lines-Kelly, 2004). Boron, copper, iron, manganese and zinc are micronutrients and
their levels are generally sufficient in soils as long as the pH and organic matter content of the soil
are suitable (Lines-Kelly, 2004). Finally, the pH greatly influences the availability of nutrients in

the soil (Lines-Kelly, 2004).
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Studies indicate that several plant compounds exert a selective killing on pathogens as
compared to commensal bacteria in animals (Hawrelak et al., 2009; Thapa et al., 2012). Although
the reasons for this are not fully understood, it could be beneficial in this particular application
since the diversity of bacteria in the soil is known to play an important role in the health of plants
(Raaijmakers et al., 2009; Zuberer, n.d.). Bacteria make up the majority of soil microbiota with
(Sylvia et al., 1998; Zuberer, n.d.) an estimated 60,000 different species (Reid and Wong, 2005).
Overall, the most common phyla are Proteobacteria, Acidobacteria, Actinobacteria,
Verrucomicrobia, Bacteroidetes, Chloroflexi, Planctomycetes, Gemmatimonadetes, and
Firmicutes representing approximately 92% of soil libraries (Jannsen, 2006). However, the
populations of bacteria can vary greatly depending on the type of soil, type of plant being grown,
and location in proximity to the root system (Marschner, 2001). The diversity of bacteria in the
soil are known to play an important role in the health of plants (Raaijmakers et al., 2009; Zuberer,
n.d.), where beneficial soil bacteria, also referred to as plant growth-promoting bacteria (PGPB),
support the growth of plants and aid in reducing pathogen infection through several mechanisms
(Compant et al., 2010). Moreover, PGPB can exert direct effects on plants such as by inducing
the plant immunity. In general, Proteobacteria, such as Pseudomonas and Burkholderia, and
Firmicutes such as Bacillus and related genera, have been well-documented as beneficial soil
bacteria (Raaijmakers et al., 2009). Furthermore, PGPB play an important role in utilizing nutrients
such as carbon, nitrogen, phosphorous, sulfur, manganese, iron, and phosphate by metabolizing
them into forms that can be taken up by the plant (Osorio Vega, 2007; Zuberer, n.d.). One such
well-characterized function is the ability of bacteria in the order Rhizobiales to fix N2 into organic

forms that can be used by the plant for protein formation (Osorio Vega, 2007).
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Previous research in our laboratory indicated that three plant-derived antimicrobials
(PDAs), namely carvacrol (CR), thymol (TY), and B-resorcylic acid (BR; 2,4-dihydroxybenzoic
acid), were effective in reducing Salmonella spp. and L. monocytogenes in soil. Carvacrol and
thymol are extracted from the essential oil of oregano (Origanum vulgare (Lamiaceae)) while BR
is a phytophenolic compound widely distributed among angiosperms (Bolton et al., 1986). In
addition, these compounds are generally recognized as safe (GRAS) by the Food and Drug
Administration (FDA) (FDA, 2015; Friedman, 2003). In order to potentially use CR, TY and BR
as soil amendments, their effects on the soil pH and nutrients as well as the soil microbiome must
be understood since these aspects are key to plant health. Therefore, the objective of the present

study was to determine the effect of CR, TY, and BR on soil pH, nutrients, and the microbiome.

2. Materials and Methods

2.1 Soil pH and nutrient analysis

Representative samples of sandy loam soil was collected from a commercial produce farm
by mixing equal portions of soil from two distinct locations of the field which had not received
any pesticide treatments. The soil was combined with 0.5% (w/w) of CR (Sigma-Aldrich Corp,
St. Louis, MO), TY (Sigma-Aldrich), and BR (Sigma-Aldrich). A negative control was included
that did not contain PDAs. The soil samples were thoroughly mixed for 2 min by hand, and stored
at room temperature (23°C) which represents the soil temperature in the northeastern US during
the growing season (NRCS, 2015). On days 0, 7, 14, and 21, the samples were brought to the
University of Connecticut Soil Nutrient Analysis Laboratory, and tested for pH, textural class
estimate, organic matter estimate, and an estimate of calcium, magnesium, phosphorus, potassium,
boron, copper, iron, manganese, zinc, and aluminum concentration using the Modified Morgan

extraction method (Helmke and Sparks, 1996).
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The soil nutrient analysis was set up as a completely randomized design with a two-way
factorial. The factors included PDA concentration and time. Treatments were done in triplicate
and the experiment was repeated twice. The results were analyzed using the PROC-GLM

procedure of SAS version 9.4 and significance was detected as P < 0.05.
2.2. Bacterial strains and sample preparation

This experiment consisted of 6 total treatments; to prepare the inoculum, four serovars of
Salmonella enterica, including S. Braenderup, S. Baildon, S. Newport, and S. Montevideo, which
had originally been isolated from tomatoes, were cultured separately in 10 ml of tryptic soy broth
(TSB; Difco, Becton Dickinson, Sparks, MD) at 37°C for 24 hours. Equal volumes of the cultures
were combined and sedimented by centrifuged at 3600 rpm for 15 minutes at 4°C. The pellet was
resuspended in 10 ml of phosphate buffered saline (PBS; pH 7.0) and used as the inoculum (8 Log
CFU/ml). A volume of 250 pl of the culture (8 Log CFU/ml) was added to 25 g of sandy loam
soil in a sterile stomacher bag (Nasco, Fort Atkins, Wisconsin). The samples were then mixed by
hand for 2 min, followed by the addition 0.5% CR or TY. The samples were again mixed by hand
for 2 min. The various treatment groups included a negative control (no Salmonella, no PDA),
0.5% CR, 0.5% TY, a Salmonella control (Salmonella, no PDA), Salmonella + 0.5% CR, and
Salmonella + 0.5% TY. The samples were stored at room temperature (23°C) and on days 0, 7, 21,
and 42, 15 g soil aliquots from each treatment groups were removed and stored at -80°C for total

microbial DNA extraction.
2.3 DNA extraction and 16Sr RNA sequencing
From each treatment groups, 0.5 g of soil sample was used for DNA extraction using the

PowerSoil® DNA Isolation Kit (MO BIO, Carlsbad, CA) following the manufacturer’s protocol
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(MO BIO Laboratories, 2013). Total microbial DNA extracted was quantified using the Quant-iT
PicoGreen kit (Invitrogen, ThermoFisher Scientific, Waltham, MA).The DNA samples were
stored at -20°C and analyzed at the UConn Microbial Analysis, Resources and Services (MARS)
facility for microbiome analysis. MiSeq Illumina (llumina, Inc., San Diego, CA) PCR was used
to amplify the 16S rRNA gene as per a published protocol (Kozich et al., 2013). Thirty ng of
extracted DNA was used as the template for PCR, and the V4 region was amplified using 515F
and 806R with Illumina adapters and golay indices at the 3° end (Caporaso et al., 2012). The
samples were amplified in triplicate using Phusion High-Fidelity PCR master mix (New England
BioLabs, Ipswich, MA) with the addition of 10 ug BSA (New England BiolLabs). The PCR
reaction was incubated at 95°C for 3.5 min, the 30 cycles of 30 s at 95.0°C, 30 s at 50.0°C and 90
s at 72.0°C, followed by a final extension as 72.0°C for 10 minutes. The PCR products were then
pooled for quantification and visualization using the QIAxcel DNA Fast Analysis (Qiagen, Venlo,
Netherlands). The PCR products were normalized based on the concentration of DNA from 250-
400 bp, and pooled using the QIAgility liquid handling robot. The pooled PCR products were
cleaned using the Gene Read Size Selection kit (Qiagen) according to the manufacturer’s protocol.

The cleaned pool was sequenced on the MiSeq using v2 2x250 base pair kit (Illumina, Inc).

2.4. Sequence analysis

The microbiome analysis was set up as a completely randomized design with a two-way
factorial. There were four replicates per treatment per day (n = 4) with a total of 96 samples (N =
96). Sequences were filtered and clustered using Mothur 1.36.1 based on a published protocol
with slight modifications (Kozich et al., 2013). The operational taxonomic units (OTUs) were
clustered at 97% sequence similarity. Downstream analysis of samples was done using R version

3.2. The alpha diversity was calculated by using inverse Simpson to measure the richness and

52



evenness of the OTUs. The effect of both treatment and day on the alpha diversity was analyzed
using Tukey’s test. The beta-diversity was estimated as the difference in bacterial composition
based on treatment and time by coupling Bray-Curtis Dissimilarity with principal coordinate
analysis (PCoA). A permutational multivariate analysis (PERMANOVA, adonis function, 75
permutations) was conducted to analyze the effect of each treatment, and day on the bacterial
community composition. Finally, the relative abundance of OTUs of major phyla, order, and
genera were determined to further assess the effect of treatment. Tukey’s test was used to identify

changes in groups of bacteria based on treatment and the significance was detected at P < 0.05.

3. Results

3.1. The effect of PDAs on soil pH and nutrients

The effect of 0.5% CR, TY, and BR on the soil pH and nutrients on days 0, 7, 14, and 21
is depicted in Table 1 along with the optimal ranges for calcium, magnesium, phosphorous, and
potassium and normal levels for each of the micronutrients. Carvacrol (0.5%) decreased the level
of available copper on days 0 and 14, and that of zinc on day 0 (P < 0.05). Similarly, CR treatment
reduced the available iron and aluminum levels on days 0, 7, and 14, while available manganese
was increased on all tested days (P < 0.05). Thymol (0.5%) decreased available iron and aluminum
on days 7 and 14, while the concentration of available manganese was increased on all days tested
(P <0.05). p-resorcylic acid (0.5%), being an organic acid, resulted in a decrease in soil pH on all
days tested (P < 0.05) although the pH did increase over time, from an average of 4.7 on day 0 to
5.9 onday 21. Available phosphorous levels were higher on day 0 (P < 0.05) whereas iron, copper,
manganese, and aluminum were increased on all days in BR-treated samples. Also, BR increased
available magnesium levels on days 14 and 21 (P < 0.05). Despite the changes resulting from the

addition of CR and TY, the nutrient contents remained within the normal limits for northeastern
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US soils (UConn Soil Nutrient Analysis Laboratory, 2014). Notably, CR and TY enhanced the
available manganese content of the soil, as they were considered low in the controls (P < 0.05).
Similarly, BR increased available manganese levels while phosphorous and copper remained
within normal limits (P < 0.05). Although BR increased available magnesium, the levels of this
nutrient were above optimum levels in the control samples as well. The decreased pH caused by
BR could be slightly too acidic for fruit and vegetable crops and the high available aluminum

concentration could possibly result in toxicity to sensitive plants (UMass Amherst, 2015).

3.2. The effect of PDAs on the soil microbiome

The results on the alpha diversity based on treatment and day are shown in Figure 1a and
1b, respectively. As seen in Figure 1a, there was no difference in the inverse Simpson index of
the groups CR, TY, Salmonella control, Salmonella + CR, and Salmonella + TY when compared
with the negative control (P > 0.05). Although the mean diversity was slightly higher in the
negative control there was also a high amount of variability and so the difference was not
significant (P > 0.05). The inverse Simpson values for bacterial diversity were lower on day 21
when compared to days 0, 7, and 42, as depicted in Figure 1b (P < 0.05). On day 42, the inverse
Simpson value was lower than that on days 0 and 7, but greater than on day 21 (P < 0.05). The
results on the beta diversity are represented in Figure 2. On day 0, all the treatments were clustered,
but there was a shift in the communities due to the addition of CR, TY, and Salmonella on each of
the consecutive sampling days, with some overlap. This is apparent in Figure 2, wherein for days
7, 21, and 42, the communities were separated between two different clusters, one with the
negative control and Salmonella control and the second cluster with phytochemical treatments.
Also, within these clusters, there was a slight distinction between samples containing Salmonella

and the ones without the pathogen. Although there were interactions between the factors (P <
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0.05), the PERMANOVA supported the cluster analysis that the treatments (CR and TY), the
presence of Salmonella, and day affected the community composition (P < 0.05). The addition of
CRand TY affected the community composition the most, contributing to 18% of the composition,

followed by Salmonella and day, each at approximately 4%.

Figure 3a depicts the relative abundance of the major phyla in the soil for each sampling
day, while Figure 3b shows the phyla distribution for all days. Figure 3c depicts the relative
abundance of major genera and order for each day and Figure 3d shows the genera and order with
all days combined. As shown in Figure 3b, compared to the control, CR resulted in an increase in
the major phyla such as Firmicutes and a decrease in Chloroflexi and Bacteroidetes (P < 0.05),
whereas TY resulted in an increase of Firmcutes and a decrease in Chloroflexi group (P < 0.05).
The addition of Salmonella alone resulted in an increase in Acidobacteria, and
Alphaproteobacteria, and a decrease in Actinobacteria, (P < 0.05). Similarly, Salmonella + CR
had the same effect as CR alone along with a decrease in Betaproteobacteria (P < 0.05). In
addition, Salmonella + TY resulted in a decrease in Chloroflexi, Bacteroidetes, and
Betaproteobacteria (P < 0.05). As observed in Figure 3d, when compared to the controls, CR and
TY increased Bacillus populations significantly (P < 0.05). Salmonella + CR also increased
Bacillus compared to the negative control and the Salmonella control (P < 0.05). Although
Salmonella + TY did not increase Bacillus community as compared to the negative control
(P>0.0.5), the Bacillus group was increased with respect to Salmonella control (P < 0.05).
Additionally, the treatment groups Salmonella + CR and Salmonella + TY contained a lesser
proportion of Burkholderiales (P < 0.05). When compared to the controls, Rhizobiales appeared

to be slightly increased by CR and TY, but the difference was not significant (P > 0.05). However,
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the addition of CR and TY in the Salmonella + CR and Salmonella + TY groups, respectively,

increased Rhizobiales compared to the Salmonella control.

4. Discussion

The rate of produce-associated outbreaks has been increasing in recent decades and
agricultural soil is a potential route of transmission for pre-harvest contamination with foodborne
pathogens (Doyle & Erickson, 2008; Greene et al., 2008). Therefore, a natural and environment
friendly soil amendment could be beneficial in reducing pathogens in soil. The PDAs, CR, TY,
and BR have been shown to be effective in reducing a number of foodborne pathogens on produce
(Baskaran et al., 2013; Burt, 2004; Mattson et al., 2011) and evidence suggests that these
phytochemicals selectively kill pathogens without adversely affecting commensal bacteria
(Hawrelak et al., 2009; Thapa et al., 2012; Upadhyaya, 2015a,b). This effect is an important
attribute for soil amendments, as the diversity of soil bacteria is important for maintaining plant
health (Raaijmakers et al., 2009; Zuberer, n.d.). This study demonstrated that CR and TY could
potentially be used as a soil amendment because of their minimal effects on soil nutrients and

microbial diversity.

For the Modified Morgan extraction method, the optimum conditions for pH, calcium,
magnesium, phosphorous, and potassium were considered as 6 and 6.8, 2,016 and 2,687 kg/ha,
196 to 279 kg/ha, 16 and 22 kg/ha, and 280 to 391 kg/ha, respectively (UConn Soil Nutrient
Analysis Laboratory, 2004). Normal ranges of trace elements in the northeastern US are between
0.1 and 2.0 ppm for boron, 0.3 and 8.0 ppm for copper, 1.0 and 40.0 ppm for iron, 3.0 and 20.0
ppm for manganese, 0.1 to 70.0 ppm of zinc, and between 10 to 300 ppm of aluminum (UConn

Soil Nutrient Analysis Laboratory, 2014). Aluminum is not considered an essential nutrient, but
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if the pH is below 5.5 the amount of available aluminum may reach a level high enough to cause

toxicity to sensitive plants such as lettuce, carrots, and beets (UMass Amherst, 2015).

The results for the soil nutrient analysis revealed that CR resulted in a change in available
copper, iron, manganese, and zinc content of soil on at least one of the sampling days. Similarly,
TY resulted in a change to available iron, manganese, and aluminum on at least one of the days.
However, none of these changes seem likely to be detrimental to plant health because all of the
values remained within normal limits for northeastern US soils. Manganese was slightly below
normal levels in the control and the addition of CR and TY increased it to more acceptable levels.
Addition of BR decreased the pH to slightly below optimal levels and although the available
aluminum remained within normal levels, it could potentially cause toxicity to sensitive plants
(UMass Amherst, 2015). Additionally, all samples had acceptable medium-level organic matter
content. Nitrogen content was not analyzed in this test because it is highly variable and the
recommended amount to be added to fields depends on many different environmental factors

(UConn Soil Nutrient Analysis Laboratory, 2014).

The diversity of the soil microbiome is very important to maintain plant health. The genera
Pseudomonadales, Burkholderia, and Bacillus are known to be beneficial to plant health as well
as the nitrogen-fixing bacteria of the order Rhizobiales (Osorio Vega, 2007; Raaijmakers et al.,
2009). In this study, the effect of CR and TY addition, as well as Salmonella on the soil
microbiome was analyzed over time. Salmonella was added to determine the effect it exerts on
the soil microbial composition, and how the addition of PDAs may alter the same. None of the
treatments significantly affected the alpha diversity of the soil microbiome as expressed in terms

of inverse Simpson index (P > 0.05) and hence the soil retained a high amount of microbial

57



diversity in the presence of CR and TY.. However, on days 21 and 42, lower inverse Simpson

values were observed when compared to days 0 and 7.

To compare the community differences between treatments, beta diversity was analyzed
using Bray-Curtis dissimilarity.  Although there was some overlap between the bacterial
communities, factors including treatment and day caused a shift in the community structures (P <
0.05). To determine which groups of bacteria were affected by each of the treatments, the ratio of
major phyla, order, and genera were further analyzed. Although there were minor differences in
the phyla such as Firmicutes, Chloroflexi, Bacteroidetes, Acidobacteria, Actinobacteria,
Alphaproteobacter, and Betaproteobacter, none of the changes are considered detrimental.
Notably, CR and TY increased the PGPB Bacillus and TY increased Pseudomonadales; however
this change was not significant, most likely due to variability. Furthermore, CR and TY increased
the nitrogen fixing bacteria Rhizobiales as compared to the Salmonella control, supporting that the

plant compounds may help restore contaminated soil to a healthy microbial condition.

There is evidence that indicates that many plant compounds are biodegradable and would
not persist in the environment for extended periods of time to exert any negative effects (Heider
and Fuchs, 1997; Isman, 2006). Additionally, at present there are no known reports of pathogens
developing resistance to the plant compounds due to their multiple antimicrobial mechanisms
(Ohno et al., 2003; Domadia et al., 2007). Overall, CR and TY have the potential as environmental
friendly soil amendments as they do not detrimentally alter the soil pH, nutrient levels, and
microbiome, and can potentially restore contaminated soil to a healthier microbial composition.
However, further studies under field conditions are warranted to determine their environmental

degradation and effect on plant growth.
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Table 1.

The effect of 0.5% CR and TY on the soil pH and nutrients. The error values represent SEM
(n=6). Sandy loam soil was combined with CR or TY at 0.5%. The samples were homogenized
and stored at room temperature. On days 0, 7, 14, and 21 the samples were subjected to nutrient

analysis (Modified Morgan).
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Relative alpha diversity

Fig. 1.

The alpha diversity represented as the inverse Simpson ratio. Sandy loam soil was either with or
without ~ 6.0 Log CFU/g was mixed with CR and TY at a concentration of 0.5%. On days 0, 7,
21, and 42 DNA was isolated from the soil using the MO Bio PowerSoil® DNA Isolation Kit
and sent to the UConn MARS facility for analysis. MiSeq Illumina PCR was used to amplify the
16S rRNA gene (\V4), the data was clustered using Mothur version 1.36.1, and downstream
analysis was done using R version 3.2. (a) The inverse Simpson ratio for each treatment. (b)

The inverse Simpson ratio for each day.
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Figure 2.

Bray-Curtis beta diversity. Sandy loam soil was either with or without ~ 6.0 Log CFU/g was

mixed with CR and TY at a concentration of 0.5%. On days 0, 7, 21, and 42 DNA was isolated

from the soil using the MO Bio PowerSoil® DNA Isolation Kit and sent to the UConn MARS
facility for analysis. MiSeq Illumina PCR was used to amplify the 16S rRNA gene (V4), the

data was clustered using Mothur version 1.36.1, and downstream analysis was done using R

version 3.2.
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Figure 3.

Changes in major phyla, order, and genera. Sandy loam soil was either with or without ~ 6.0

Log CFU/g was mixed with CR and TY at a concentration of 0.5%. On days 0, 7, 21, and 42

DNA was isolated from the soil using the MO Bio PowerSoil® DNA Isolation Kit and sent to

the UConn MARS facility for analysis. MiSeq Illumina PCR was used to amplify the 16S rRNA

gene (V4), the data was clustered using Mothur version 1.36.1, and downstream analysis was

done using R version 3.2. (a) Ratio of major phyla as shown for each day. (b) Ratio of major

phyla with days combined. (c) Ratio of PGPB as shown for each day. (d) Ratio of PGPB with

days combined.
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Chapter V

Summary
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Salmonella and Listeria monocytogenes are two major pathogens associated with
foodborne disease outbreaks linked to produce. These pathogens can cause pre-harvest
contamination of produce because of their persistence in agricultural soil, thereby highlighting
the need for strategies for reducing microbial pathogens in soil. However, limited studies have

been done on the use of a soil amendment to reduce foodborne pathogens in the field.

This study determined the potential for three phytochemicals, namely carvacrol (CR),
thymol (TY), and B-resorcylic acid (BR; dihydroxybenzoic acid) as soil amendments to reduce
Salmonella and L. monocytogenes. The first objective of this study determined the efficacy of
CR, TY, and BR in reducing Salmonella and L. monocytogenes in agricultural soil during a
storage period of three weeks. It was found that 0.25 and 0.5% CR and 0.5% TY were able to
reduce both Salmonella and L. monocytogenes to undetectable levels by day 1 in sandy loam
soil. By day 21 all of the compounds decreased Salmonella and L. monocytogenes to ~1 Log

CFU/qg.

The second objective of this study investigated the effect of phytochemicals on soil pH,
nutrients, and microbiome. The addition of CR and TY resulted in minor changes to some of the
nutrients, but all remained within acceptable limits. However, B-resorcylic reduced the soil pH
significantly, and therefore increased the amount of available aluminum. Carvacrol and TY also
did not detrimentally affect the soil microbiome significantly. The soil retained a high level of
diversity despite minor changes in some phyla. Carvacrol and TY also increased the plant
growth-promoting bacteria and restored the population of the nitrogen-fixing bacteria

Rhizobiales, which had decreased in the presence of Salmonella.

The results of this study suggest the potential use of CR, TY, and BR as soil amendments

to kill Salmonella and L. monocytogenes for improving the microbiological safety of fresh
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produce. However, long-term field trials should be conducted to determine environmental fate

of these phytochemicals and their effect on plant growth.
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