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Abstract

Antibiotics are emerging contaminants worldwide. Due to insufficient policy regulations,
public awareness, and the constant exposure of the environment to antibiotic sources has
created a major environmental concern. Wastewater treatment plants (WWTP) are not
equipped to filter-out these compounds before the discharge of the disinfected effluent
into water sources (e.g., lakes and streams) and current available technologies are not
equipped to remediate these compounds from environmental sources. Hence, the
challenge remains to establish a biological system to remove these antibiotics from
wastewater. An invitro hydroponic remediation system was developed using vetiver
grass (Chrysopogon zizanioides L. Nash) to remediate tetracycline (TC) from water.
Comparative  metabolomics  studies were conducted to investigate the
metabolites/pathways associated with tetracycline metabolism in plants and TC-
degrading bacteria. The results show that vetiver plants effectively uptake tetracycline
from water sources. Vetiver root-associated bacteria recovered during the hydroponic
remediation trial were highly tolerant to TC (as high as 600 ppm) and could use TC as a
sole carbon and energy source. Growth conditions (pH, temperature, and oxygen
requirement) for TC-tolerant bacteria were optimized for higher TC remediation
capability from water sources. The plant (roots and shoots) and bacterial species were
further characterized for the metabolites produced during the TC degradation process
using GC-MS to identify the possible biochemical mechanism involved. Also, the plant
root zone was screened for metabolites/enzymes that were secreted during antibiotic

degradation and could potentially enhance the degradation process. The root zone was

19



selected for this analysis because this region of the plant has shown a greater capacity for
antibiotic degradation compared to the shoot zone. The role of antioxidant enzymes in TC
degradation process revealed glutathione-S-transferase (GSTs) as an important group of
enzymes in both plant and bacteria potentially involved in TC degradation process.
Metabolomics results also suggest potential GST activity in the TC remediation/
transformation process used by plants. This information could be useful in gaining
insights for the application of biological remediation systems for the mitigation of

antibiotics from waste-water.
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Introduction

Antibiotics are emerging contaminants and are considered a serious concern worldwide
(Martinez, 2009). The World Health Organization (WHO) review states that every year
there are 440,000 cases of multidrug-resistant tuberculosis (MDR-TB) reported and at
least 150,000  of  these cases result in death (WHO 2012,
http://www.who.int/mediacentre/factsheets/fs194/en/).  Excessive use of antibiotics,
improper disposal, and lack of policy regulations pose a serious environmental and health

concern.

Constant exposure to antibiotics in the environment not only disturbs natural ecological
processes, but can also be fatal to humans in the form of multi-antibiotic resistant
bacteria. These bacteria are present in environmental sources (e.g., water, soil, and
sediments) and can readily transfer their resistance to pathogenic bacteria via horizontal
gene transfer, resulting in a global antibiotic resistance problem (Martinez, 2009). The
major challenge faced by WWTP facilities is that they are not equipped to remove
antibiotics from the effluent. Hence, wastewater that is considered “treated” is still
contaminated with antibiotics when it is released back into different water sources

(streams, lakes, and rivers) (Watkinson et al., 2009).

The most common and broad spectrum antibiotics used for human health and veterinary
purposes are penicillins, aminoglycosides and tetracyclines (Sarmah et al., 2006).
Tetracyclines (TC) are a broad spectrum class of antibiotics and are widely used for

veterinary and human health purposes (Ding and He, 2010; Kummerer et al., 2009;

21
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Sarmabh et al., 2006). Under varying environmental conditions, TC can easily transform
to its isomers, epi-TC (ETC) and anhydro-TC (ATC), and the process is usually pH
mediated. Under pH 2-6, TC usually epimerizes reversibly to form ETC and 4-epi TC,
and under higher acidic conditions, dehydration of TC take places and it changes form
into ATC (Halling-Serensen et al., 2002, Pena et al., 1998). Although formation of TC
isomers usually takes place under acidic conditions, the epimerization of TC into ETC
can also take place under neutral conditions (Halling-Serensen et al., 2002). In some
cases, TC isomers, ETC and ATC are more harmful than the parent compound itself (Jia
et al., 2009). Hence, a decontamination system is required to clean-up TC and its

1somers from various environmental sources.

In the last two decades, progress has been made to address the antibiotic contamination
problems in many environmental sources using various remediation technologies.
Several physical and chemical degradation methods such as chemical oxidation,
adsorption, membrane filtration, ozonation, photo-fenton, and biotic degradation methods
such as activated sludge, membrane reactor, and fixed bed reactor treatment have been
applied to many antibiotics including TC with the purpose of degrading them in
environmental sources (Otker and Akmehmet-Balcioglu, 2005, Elmolla et al., 2009,
Homem et al., 2011, Ben et al., 2009, Kummerer et al., 2009). However, these
remediation technologies are highly condition-based (e.g., pH, and molar ratio) and
potentially expensive based on the concentration of the contaminant present in the
environmental source (antibiotic) that needs to be degraded. However, the biological

remediation method using plants and microbes has several advantages over the
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conventional biotic, physical, and chemical methods. Phytoremediation combined with
bioremediation methods do not require any specific condition (e.g., pH, temperature, and
molar ratio) to be applied in order to clean-up contaminated sites. With this combination
of remediation methods the root-associated bacteria naturally helps the plants to take up
the contaminant, and compared to the other methods (mentioned above) it is an
inexpensive and effective technology (Gujrathi et al., 2005, Farkas et al., 2007, Park,

2010, Kummerer et al., 2009).

Phyto/microbial transformation studies can be used to understand the biochemical
mechanism and enzyme/ metabolites involved in TC degradation vs. transformation
(Gujrathi et al., 2005; Farkas et al., 2007; Dantas et al., 2008; Park and Choung, 2010).
Using a metabolomics approach and by analyzing unknown metabolites present in plant
and root-associated bacteria in presence of TC, important pathways can be revealed that

are used during TC degradation.

Vetiver (Chrysopogon zizanioides) grass has been used as a model organism for
remediating tetracycline contaminated water system in this study, as it is a suitable
candidate for phytoremediation (Troung et al., 2010). It is a subtropical/tropical grass
with a deep and well developed root system (up to 3 m deep). It is a non-invasive species,
has a very good adaptation capability in any climate (hot and cold), and is quite robust in
extreme conditions (drought, flood, acidity, and alkalinity) (Troung et al. 2010). Vetiver
has been well-studied world-wide as a model for phytoremediation of heavy metals and
toxic contaminants because of these unique attributes (Makris et al., 2007, Truong et al.,

2010). A preliminary study using vetiver grass in a hydroponic system to remediate TC
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contaminated water yielded promising results. TC was completely removed by the plant

after 40 days in our lab (Datta et al., 2013).

In the last decade, there have been multiple attempts to remediate TC in environmental
sources using both abiotic and biotic techniques. However, the degradation pathways
associated with the breakdown/detoxification of these compounds and complete role of
plant and/or microbes in the breakdown process is still not clear. The goal of this project
was to establish a biological remediation system to decontaminate antibiotic-
contaminated wastewater using vetiver grass and rhizobacteria. Hence, a series of
experiments were proposed to unravel the mechanism of bio-degradation/transformation
pathway/s used by plant and microbes to breakdown this organic compound. The focus
was also to understand the specific role of plant (vetiver) and/or microbes in the break-
down of this compound, and to identify the metabolites/enzymes/pathways associated
with tetracycline degradation by using comparative metabolomics and enzymes assays in

the plant tissues (root and shoot) and TC-degrading bacteria.
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Dissertation Objectives

The overall goal of this project was to develop a biological remediation system
involving vetiver grass and its root-associated bacteria to decontaminate
tetracycline (TC) from contaminated water systems. The specific objectives of the

project were as follows:

Objective 1: Evaluate the remediation potential of vetiver grass in the tetracycline
contaminated water system and identify TC degradation metabolites in plant tissues and

contaminated water.

Objective 2: Recover, identify and characterize vetiver root-associated bacteria and

determine their role in TC degradation.

2.1. Evaluate if vetiver root-associated bacteria are TC resistant and can utilize TC
as their carbon/nitrogen source.
2.2. Evaluate the role of bacteria in TC degradation.
Objective 3: Evaluate the role of vetiver root and root associated microbe secreted
enzymes/ metabolites in TC degradation.
3.1. Evaluate if vetiver roots and root-associated bacteria produce stress-induced
enzymes/metabolites that may play a role in degradation of TC in the water

systems.
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Objective 4: Identify the metabolites/ pathways associated with TC degradation in plants

and rhizospheric bacteria using comparative metabolomics.

4.1. Analyze vetiver root and root-associated bacteria in the presence of TC using

metabolic profiling.
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CHAPTER 1: Literature Review

e Antibiotic contamination and statement of the problem

Antibiotics, naturally produced by microorganisms, are important compounds that are
effective against bacteria that cause diseases. Wide usage and improper handling and
disposal of antibiotics over decades have created environmental concern worldwide.
Although antibiotics have been present in the environment for quite some time, their
long-term impact on the environment and human health was not studied until recently
(Kim et al., 2011, Kummerer et al., 2009). Antibiotics are discarded from a number of
sources (hospitals, industries, animal farms, and households) eventually end up in water,
soil and sediments (Kummerer et al., 2004, Thiele- Bruhn ef al., 2003), mainly due to the
lack of regulations. Current reviews report the global challenges of antibiotic
contamination in various environmental sources, which cause ecological imbalance,
including uptake of antibiotics by food crops irrigated with water contaminated with
antibiotics (Michael et al., 2013, Rehman et al., 2013, Boonsaner et al., 2012). Usually
antibiotics are present in such low levels in the environment that it is very difficult to
measure them. However, with the advent of high performance liquid chromatography
(HPLC) and mass spectrometry-mass spectrometry (MS-MS), low levels of antibiotics

are now being detected.

Figure 1.1 shows the antibiotic exposure pathway and entry of antibiotics from WWTP
into different environmental sources (soil, water sources). WWTPs are typically not

equipped to remove these compounds, so the antibiotic contaminated water is released
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back into different water sources (Xie et al., 2011, Kummerer et al., 2004, Boxall et al,,
2004, Fatta-Kassinos et al., 2011, Le-Minh et al., 2010, Martines et al., 2009, Batt et al.,
2006, Christian et al., 2003). The consequences of constant exposure to antibiotics in
the environment are: 1) development of multi-antibiotic resistant bacteria, 2) potential
negative health impact on humans and animals, 3) perturbed aquatic life and 4) a
disturbed ecosystem (Boxall 2004, Baquero et al., 2008, Thiele-Bruhn 2003). Antibiotic
resistance is commonly acquired by non-pathogenic soil bacteria due to the continuous
exposure to antibiotics (Kummerer et al., 2004). However, due to close phylogenetic
relationships among bacteria, it is possible for non-pathogenic bacteria to transfer the

antibiotic resistant gene/s to pathogenic bacteria (Dantas et al., 2008).

The most common and broad spectrum antibiotics used for human health and veterinary
purposes are penicillins, aminoglycosides and tetracyclines. (Sarmah et al, 2006).
Among these, the most studied group of antibiotics are B-lactam / penicillins. The
common degradation products of penicillin are penilloic acid, penicillamine, and
penicilloadlehyde, which are formed by highly unstable intermediates penillic acid,

penicilloic acid and penicillenic acid (Dantas et al., 2008, Deshpande et al., 2004).

Tetracyclines (TC, CTC, OTC) are commonly used for veterinary and human disease
control purposes (Ding and He, 2010, Kumar et al., 2005). They are also used as growth
promoters in animal farms. They are broad spectrum antibiotics and effectively used
against both gram-positive and gram-negative bacteria. They have a partially conjugated

four ring structure with a carboximide functional group. The chemical formula of
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tetracycline is CyH24N,0s, oxy-tetracycline is CyH24N»Og, and chloro-tetracycline is

C2H23CN,Og*HCI. The general skeleton of TC is presented in figure 1.2.

These compounds are commonly detected in the environment (wastewater, surface water,
drinking water, soil and sediments) (Sarmah et al., 2006). Although concentrations of
TCs are relatively low (110-400 ng/L) in environmental sources (ground water, surface
water; Boxall et al., 2004, Krapac et al., 2005), the long-term and constant exposure of
these antibiotics has several adverse impacts on human, animals, and on ecosystem

functions.

e Bio-transformation vs. Bio-degradation

As per the definition provided by USEPA, biodegradation is the process in which micro-
organisms can alter the structure of a chemical/compound either during a metabolic
process or during an enzyme-mediated reaction
(http://toxics.usgs.gov/definitions/biotransformation.html). However, the bio-
transformation process is the structural alteration of a compound in a natural (depending
on pH, temperature) condition, which is usually not mediated by a biological process
(Halling-Serensen et al., 2002, Jia et al., 2009). The result of bio-transformation is
sometimes isomerization of the compound, and under some circumstances, the isomer

could be more harmful than the parent compound itself.

In the field of antibiotic remediation, the term (bio) degradation is often used loosely.
Most studies mostly refer to the chemical transformation process, which are isomeric

structural changes in the compounds (which are not mediated biologically) (Halling-
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Serensen et al., 2002, Jia et al., 2009,Pena et al., 1998, O’Connor et al., 2007). Common
transformation products of TC are ETC, 4-ETC, and ATC. Usually transformation of TC
is pH mediated, as the acidic (pH 2-6) condition causes epimerization and dehydration
reactions to occur. However, epimerization of TC and formation of ETC can also occur

under neutral conditions (pH 7-7.5) (Halling-Serensen ef al., 2002).

The chemical structure of TC and its transformed products are explained by Jia et al.,
2009. Other TC groups of compounds (CTC and OTC) follow the same trend as TC in
terms of formation of transformation products (as described in fig. 1.3) as reported in
several studies under various pH conditions. (Pena ef al., 1998, Halling-Serensen et al.,

2002, Jia et al., 2009).

The degradation/transformation metabolites identified are infact isomers of the parent
compounds. The actual degradation products of TCs by enzymatic/non-enzymatic

breakdown have not been identified yet.

e Remediation strategies for biodegradation

Recently, there have been several studies describing the removal techniques of different
antibiotics in nature using biotic and abiotic methods (Jiang et al.,. 2010, Elmolla et al.,
2009, Onesios et al., 2009, Kummerer et al.,, 2009 a & b). The conventional methods
used to degrade antibiotics are sorption, hydrolysis, photolysis, oxidation and reduction
(Kummerer et al, 2009). However, there are some limitations associated with these
methods. They are expensive, unsustainable and are all condition based (e.g., pH,

temperature, composition of matrix, and latitude) (Kummerer et al., 2009) Hence, there is
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a need for an inexpensive biotic degradation method for remediating these antibiotics
from environment. It is important that the technology is sustainable so that it is not only
inexpensive, but also provides complete removal/ degradation of the contaminant without
having any adverse effects on the environment. There are several studies which describe
the antibiotic remediation potential of various plants along with plants and /or microbes
(Dolliver et al., 2007 Gujrathi et al., 2005, Farkas et al., 2007, Park, 2010, Kummerer et

al., 2009, Nnenna et al., 2011).

An interesting study by Dantas et al, 2008, showed the role of antibiotic-resistant
bacteria in the complete degradation of antibiotics. The study showed that bacteria that
are resistant to antibiotics can actually subsist on them, and hence degrade them in the
media over time. These resistant bacteria break down penicillin to benzylpenilloic acid,
formed by an intermediate, benzylpenicilloic acid. Depending on the degradation

product, they proposed a possible penicillin catabolic pathway.

However, a recent publication by Walsh et al. (2013) challenges the concept of Dantas et
al., 2008, by showing contradictory results and disproving the concept of antibiotic
catabolizing ability of resistant bacteria shown by the earlier study. This study reports
that soil bacteria that exhibit the antibiotic catabolizing phenotype do not actually
catabolise antibiotics. The antibiotics used in this study were penicillin, carbenicillin,
streptomycin, and trimethoprim and the authors reported the involvement of a generic
resistance mechanism (like B- lactamse activity for penicillin) in the degradation of these

antibiotics.
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¢ Root-secreted metabolites/enzymes and microbial enzymes and their role in

antibiotic degradation

Studies involving phyto-transformation and/or microbial-transformation can identify
enzymes/metabolites produced by plants and bacteria that may play a role in TC
degradation. The phytoremediation studies on Halianthus annus used for TC degradation
show that the reactive oxygen species (ROS) present in the plant root may be involved in
the oxidative degradation of TCs (Gujrathi ef al., 2005). Reactive oxygen species
formation is usually related to a stress condition and lack of oxygenation. Antioxidant
enzymes inhibit the formation of ROS species (Blokhina ef al., 2003). Plant studies on
maize (Zea mays) show that glutathione-S-tranferases (GSTs - stress-induced enzymes)
may be associated with the plant root when detoxifying TCs (Farkas et al., 2007). The
study reports that root exudates (prepared from hairy root culture) of maize produced
GST that effectively detoxified the TC group of antibiotics. Studies by Gujrathi et al.,
(2005) and Gujrathi and Linden (2005) have shown that under stress conditions hairy
roots of Helianathus annuus produce antioxidants. Some of the antioxidant enzymes are
ascorbate peroxidase (APX), catalase (CAT), and guaiacol peroxidase (GPX). This was

shown by the in the native antioxidant enzyme activity of the plant species.

Bacterial GSTs also play an important role in degradation of xenobiotics and the
protection of the cell against oxidative damage and other potential damages (Allocati et
al., 2009). The role of microbial GST activity in TC degradation is also evident from a
study (Park and Choung, 2010) that showed three bacteria species with enhanced GST

activity efficiently reduced the concentration of antibiotics (tetracycline, ampicillin and
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sulfathiazole). In a recent study by Park, 2012, it was demonstrated that bacterial GSTs
not only reduced the inhibitory effect of antibiotics but could also successfully remove
antibiotics in a bioreactor. These studies on plants and microbes indicate the role of

GSTs and other antioxidant enzymes (GPX and CAT) in TC degradation.

e Plant and microbial metabolomics and antibiotic degradation pathway

analysis

To study the interaction between an organism and its environment in a given condition
pertaining to its metabolite level is defined as environmental metabolomics (Viant ef al.,
2012). Environmental metabolomics gives a global view of different metabolites that are
expressed in the cell during a particular biochemical process, which also helps in
identifying the pathway that plays a key role during that particular environmental
condition (Viant ef al., 2012). By understanding the metabolic profile of an organism,
the intermediary enzymes could be identified and their expression level could be
quantified using MS coupled with gas chromatography (GC). This information can then
be related to the biochemical pathway that may be associated with the process (Dunn et
al., 2013, Lisec et al., 2006). Metabolomics studies have been conducted to evaluate
metabolite  profiles of different organisms (plant and bacteria) under
variousenvironmental conditions [e.g., plants under metal stress and bacteria recovered
from metal contaminated soil (Li, 2012)]. However, there are no specific metabolic
profiling data available on bacteria or plants in presence of any antibiotic. A review

article by Villas-Boas and Bruheim (2007) states that metabolomics is a useful tool in the
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field of bioremediation studies. They clarify how the metabolomics approach can be
utilized in the field of therapeutics, biomarker discovery, and cancer therapy. Also, the
metabolomics approach can reveal the degradation pathway of xenobiotic compounds.
According to a recent published review by Brunetti et al. (2013), plant environmental
metabolomics is a developing field of study and can be used to understand the physiology
of the plant under certain ecological stresses with unique laboratory based methods.
They also described how this process would be useful in developing an understanding of
metabolism and production of various secondary metabolites in the plants under various
environmental conditions. Previously, studies have been conducted to understand the
role of different plants and microbes in antibiotic degradation and/or transformation
(Gujrathi et al., 2005, Farkas et al., 2007, Datta et al., 2012, Dantas et al., 2008).
However, none of these studies have reported an antibiotic degradation pathway used by
a plant and its root-associated bacteria using a metabolomics approach.

Vetiver root-associated microbial dynamics have been previously studied for the
purpose of understanding oil metabolism by Guidice et al., (2008). However, vetiver-
root associated microbial flora has never been explored for their role in any xenobiotic/
contaminant degradation. This is a novel work to understand the biochemical
mechanisms and  identify the metabolites associated with tetracycline
degradation/transformation in vetiver grass and tetracycline- tolerant root-associated

bacteria.
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CHAPTER 2. Tetracycline remediation and identification of tetracycline metabolites in

aqueous systems using vetiver grass (Chrysopogon zizanoides L. Nash)*

The study was designed and conducted by Aparupa Sengupta with the help of Kate
Waring and with guidance from Susan Bagley and Rupali Datta. Rupali Datta and
Dibyendu Sarkar helped in the conception of the study and provided technical support.
The manuscript was written by Aparupa Sengupta. All the other authors guided, edited,
and supported in the preparation of the manuscript.

Supplementary results are presented in appendix A.

Appendix A is divided into six parts:

A.1. Total TC concentrations in hydroponic tanks (75 £5 ppm TC used)

A.2. MS/MS results for hydroponic tanks (with 75 £5 ppm TC) without plants on day 30
A.3. Hydroponic remediation study with TC comparing light vs. dark condition

A.4. Hydroponic remediation studies results with varying TC concentrations (0, 5, 35

ppm)
A.S. Metabolites detected during metabolic profiling in vetiver in the presence of TC (75
ppm) vs. control (no TC)

A.6. Statistical analysis detailed results from 2-way Anova and Tukey’s HSD test

* The following document is to be submitted for publication in the International Journal

of Phytoremediation.
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Abstract

Environmental contamination by antibiotics not only perturbs the ecological balance, but
also adversely impacts human health by promoting the growth of multi-antibiotic
resistant bacteria. This study focuses on determining the potential of using vetiver grass
(Chrysopogon zizanoides L. Nash) to remediate tetracycline (TC), a broad-spectrum
antibiotic widely used in humans and animals. A hydroponic remediation system using
vetiver grass was used to monitor uptake and transformation of TC (0, 5, 35, 75 ppm)
over a 30 day period. A method was developed by optimizing the conditions suitable for
eluting TC and its isomers anhydrotetracycline (ATC) and epitetracycline (ETC) on a
C18 column using isocratic and gradient elution in HPLC and LC-MS/MS.
Transformation of TC (media samples) mainly occurred during the first 5 days. The
HPLC data indicated that there was a decrease in the parent compound and an increase in
the concentration of the isomers (ATC and ETC) between 5 and 15 days. Concentrations
of ATC and ETC decreased and eventually disappeared from the tanks treated with plants

between 15 and 30 days. Pathway analysis in vetiver identified glutathione detoxification
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as a possible mechanism involved in TC remediation. Keywords: Teteracycline (TC),

Vetiver, Antibiotics, Water sources, Phytoremediation

Introduction
Antibiotics have been regarded as emergent contaminants and are a global concern

(Rehman et al., 2013, Kummerer et al., 2009 a&b). Antibiotics are detected in various
environmental sources (Sarmah et al., 2006, Hu et al., 2010, Fatta-Kassinos et al., 2011)
as there are no strict policy regulations for handling and disposal of these compounds and
furthermore wastewater treatment plants are not equipped to decontaminate water from
these compounds (Boxall, 2004, Michael et al,, 2013). Current literature reviews state
that antibiotic contamination in environmental sources causes an ecological imbalance
and adversely impacts human on a global scale (Michael et al., 2013, Rehman et al.,
2013; Kim et al., 2011). Also, plants can uptake antibiotics when irrigated with
antibiotic-contaminated manure, water, and soil, and if ingested could potentially be
harmful for human and animal health (Boonsaner et al., 2012, Chitescu et al., 2012,

Holling ef al., 2012, Moshe et al., 2011, Kumar et al., 2005)

Tetracycline (TC) is commonly used in human and veterinary medicine. It has been
detected in many environmental sources such as water and animal manure. TC generally
breaks down to its isomers; epi-TC (ETC) and anhydro-TC (ATC). When the pH ranges
from 2-6, the epimerization of TC forms ETC and the hydration of TC forms ATC. Both
processes are reversible under slightly alkaline (pH 8) conditions (Halling-Serensen et

al., 2002, Jia et al., 2009). Dos Santos et al., (1998) reported that ATC is more toxic and
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harmful than the parent compound (TC). Hence, a remediation system/technology must

decontaminate both TC and its harmful isomers from environmental sources.

In addition, TC is a broad-spectrum antibiotic that is effective against both gram-positive
and gram-negative bacterial infections (Sarmah et al., 2006). Therefore, there is a high
probability of bacterial strains developing TC-resistance if a remediation method is not
applied to contaminated environmental sources. These TC resistant bacteria could

present a serious threat to human health.

Several physical and chemical remediation methods have been used to remove antibiotics
from environmental sources. However, these remediation methods can be expensive and
non-sustainable (Kummerer et al., 2009). Comparatively, phytoremediation is less
expensive and potentially more effective at removing antibiotics from water sources
hence a more sustainable technology. Phytoremediation is a natural biological process
and it is free of stringent remediation condition requirements, such as pH, temperature,

oxidation, and light requirements (Salt et al., 1998).

There are several studies (Carvalho ef al., 2012, Gujrathi et al., 2005, Farkas et al., 2007)
that describe the potential of various plants to decontaminate water systems that have
been contaminated with the TC group of compounds: TC, oxy-TC (OTC), and chloro-TC
(CTC). Gujrathi et al, (200) report the TC and OTC remediation potential of
Myriophyllum aquaticam (parrot feather) and Pistia stratiotes (water lettuce) in
hydroponic system and Farkas et al., (2007) report phytoremediation potential of maize

in CTC detoxification. In a recent study by Carvalho ef al., (2012) it was reported that
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Phragmites australis, a large perennial grass from tropical and temperate regions, could
successfully remediate several antibiotics including TC from an aqueous system. When
irrigation water is contaminated with TC and OTC, it can have toxic effects on crop
plants such as alfalfa (Kong et al., 2007) and wheat (Xie et al., 2011). All these plant
species discussed above as potential phytoremediation models for antibiotics are however
undersirable from an ecological point of view as they all are invasive (Global invasive

species database (http://www.issg.org).

Using a metabolomics approach in plants, the changes in gene expressions could be
quickly related to functional changes in the organism (Fiehn ef al., 2000). Abiotic
stresses such as temperature, salinity, and exposure to contaminants such as heavy metals
can lead to the adjustment of metabolic pathways in plants (Tuteja et al, 2011).
Metabolic profiling is an important tool that can identify the expression of metabolites in
the presence of specific xenobiotics and reveal possible associated metabolic pathways
This is a relatively new tool in the field of bioremediation (Villas-Boas and Bruheim
2007). Although a plant metabolomics approach has never been explored in the field of
antibiotic remediation, it has been validated by several scientists as an important step in
the field of environmental remediation (Hill and Roesnner 2013, Villas-Boas and
Bruheim 2007). Environmental metabolomics and metabolomics in plant environmental
physiology are two very important fields of study developing these days (Brunetti ef al.,
2013). With this approach, the physiology of the plant and production of secondary
metabolites and their role could be studied under certain environmental/ ecological

conditions.
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Like Phragmites australis, vetiver (Chrysopogon zizanioides) is a tropical grass with a
deep and well developed root system that can extend 3 m into the soil. Vetiver is not an
invasive plant and is tolerant to variations in climate and extreme conditions, such as
drought, floods, and acidic and alkaline substrates. These characteristics make vetiver a
more optimal phytoremediation candidate than other grass/ plant systems that have
previously been studied (Troung et al., 2010). Vetiver has been extensively used as a
model for phytoremediation of heavy metals and toxic contaminants because of these

unique attributes (Makris et al., 2007, Chen et al., 2004, Truong et al., 2010).

The phytoremediation potential of vetiver grass in TC uptake was recently described by
Datta et al., (2013). Following the same methods as Datta et al., 2013, hydroponic tanks
were set-up with and without TC using different concentrations of TC (0, 5, 35, and 75
ppm). These concentrations were chosen in conjunction with an earlier study by Datta et
al., (2013) with an increase in the TC concentrations to understand the capability of
vetiver in remediating higher concentrations of TC. Hydroponic growth systems are
commonly used for green house/ lab studies, and are controlled systems to understand
different physiological processes used by plants especially in the field of
phytoremediation (Baldwin and Butcher 2006, Kurzbaum et al., 2013, Conn et al., 2013,

Datta et al., 2013).

The purpose of the study was to assess the phytoremediation capability of vetiver in an
aquatic system, to understand how and if vetiver grass takes up and transforms TC in
respect to similar studies by Dolliver et al., (2007) and Datta et al., (2013), to evaluate if

there are any toxic effects of TC on vetiver, and to perform metabolomics of vetiver in
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the presence of TC to identify the TC metabolism pathway used by vetiver and/or to

identify the metabolites that are impacted in the plant during TC metabolism process.

Materials and Methods

e Hydroponic Study

Vetiver grass was obtained from  Agriflora  Tropicals, Puerto Rico
(http://agrifloratropicals.com/) as small plantlets and was grown in regular potting soil
until they were medium-sized (55-60 cm). Once they reached the appropriate height,
they were uprooted and washed thoroughly with tap water to remove soil, patted dry, and
weighed. Two plants weighing about 60 g each were then placed in plastic tanks (3 L)
equipped with bubble stones connected to air pumps that were used to supply oxygen to
the hydroponic system (Datta et al., 2013). The plants were acclimatized in 3L of 0.5

strength Hoagland solution for two weeks in the tanks.

Biotech research grade tetracycline hydrochloride (99% pure; obtained from Thermo
Scientific) and deionized autoclaved water were used to prepare a 10,000 ppm of TC
stock solution, which was then filter-sterilized using 0.2 pum filters. Working
concentrations of 5 ppm, 35 ppm, and 75 ppm were then prepared from the stock
solution. Usually the level of TC detected in waste water and surface water is 0.1-1 ppm
(Meyer et al., 2003) and hence concentrations used here are comparatively higher to test
if this phytoremediation system can be effective in remediation of TC.  Experimental

and control tanks were set-up in replicates of three. Different types of tanks were set-up
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for each treatment as described a) tanks with plants (experimental set) and without plants
(positive control) for each TC concentration used (5, 35, and 75 ppm), and b) tanks with
plants and no antibiotics (negative control). To assess the possibility of photo-
degradation of TC in the tanks, three of the tanks containing only TC solution (75 mg/L)
were covered with a black cloth. Hydroponic trials were conducted in the growth
chamber where the temperature was maintained at 28-30° C, the pH was 7, and light

levels mimicked a natural cycle of 12 light hours and 12 dark hours.

e Sampling Plan

Media samples were collected from tanks on days 0, 1, 2, 3, 5, 15, and 30. On day 0, the
media samples were collected 20 minutes after the start of the experiment to ensure the
antibiotic was mixed well in the tanks. Media samples were taken by pipetting 3 mL
aliquots into eppendorf tubes. Plant samples were measured for weight, root length, and
shoot length at day 0 and day 30. Media and plant samples were frozen at -80°C until
further analysis to avoid degradation/transformation of TC. Water/hydroponic (media)
solution remained constant at a pH of 7 for the duration of the study and were constantly

aerated with a bubble stone and air pump used in the tanks.

e Sample Preparation for HPLC and MS-MS

Media (liquid) samples were thawed and 1 mL aliquots were filtered through 0.2 pm
Supelco filters into amber vials for high performance liquid chromatography (HPLC)

analysis.  Plant samples were prepared for HPLC analysis following extraction
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procedures modified from a previously reported method (Dolliver et al., 2007). After the
sample was eluted from the solid phase extraction (SPE) cartridge using 2 mL of
methanol, approximately 1 mL of the eluent was filtered through a 0.2 um filter into an

amber vial for HPLC analysis.

e Plant Sample Analysis for Accumulation of TC

Plant samples were collected and harvested on day 0 and day 30 of the hydroponic
remediation experiment. During TC accumulation analysis in plant tissues (roots and
shoots) harvested on day 30 of the remediation trial, mass balance, and translocation
factor were calculated to understand the amount of TC accumulated in plant roots and
shoots. Methods of calculation were followed from Doskey (2012). Mass balance was
calculated and expressed in percentage of TC present accumulated in vetiver tissues
(summing up root and shoot accumulation) in relation to the initial concentration of TC
used in the particular tank. Translocation factor was also expressed in percentage by
dividing mass of TC recorded in vetiver shoot in relation to the mass recorded in total

plant.

e Plant Sample Preparation for Metabolomics

Plant samples were prepared for GC-MS analysis following extraction procedures
modified from a previously reported method (Lisec et al, 2006 and Li, 2012). Plant
tissues (root and shoot separately) weighing 0.1 g were crushed (each sample in replicates

of 3) with a mortar and pestle, using liquid nitrogen to maintain the frozen condition. One
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mL of water/chloroform/methanol (1:1:2.5) solution was aliquoted in each tube. Tubes
were vortexed and then 10 pL adonitol (2 mg adonitol/1 mL chloroform) was added to
each sample as an internal standard and vortexed again. The rest of the extraction

procedure was followed as per Lisec et al., 2006.

e Sample Analysis Method for HPLC and LC-MS-MS

TC and its isomers were analyzed in the water and plant samples by HPLC. The
methods for this analysis were described by Pena ef al. (1998) and Sokol and Matisova,
(1994), but were slightly modified as described here. Isocratic mobile phase consisting
of 0.01 M aqueous oxalic acid: acetonitrile: methanol (150:20:20 by volume) was used.
The mobile phase was mixed and sonicated for 5 minutes and then filtered through 0.22
um nylon filtration units. The flow rate was maintained at 1.0 ml/min, with an injection
volume of 25 pl, the ultraviolet-diode array detector (UV-DAD) was set at Sig= 355, 20
Ref=600, 100 in an Agilent HPLC (model no. 1100) with a Fisher Scientific Hypersil
BDS CN 100x 4 mm ID 3 um (C18 column). Samples were run for 10 minutes at
ambient temperature. The LC-MS method was followed using Jia et al.. (2009), however
the mobile phase gradient was slightly modified as: A: Acetonitrile; B: Water + 0.1 %
Formic acid (v/v). The following gradient was used: A- 10%; B-90% for 5 minutes., A-
20%, B-80% for 4 minutes., A-30%, B-70% for 1 minute, A- 50%, B-50% for 1 minute,
A-70%, B-30% for 1 minute, A-90 %, B- 10% for 1 minute, and A- 100% B-0% for 1
minute. Finally, the gradient was returned to the initial concentration exactly the same

way and held at equilibrium for 2 minutes.
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e Sample Analysis Method for GC-MS

The derivatized samples were analyzed following the method from Lytovchenko et al.,
(2009) and Li K, (2012) using a Shimadzu GC-17A coupled with MS-QP5050, using
helium as a carrier gas. One pL of sample was injected into a DB-5 column using the
splitless injection mode. The inlet temperature was set to 250°C. The initial column
temperature was held at 70 °C for 5 minutes and then increased to 5°C/minute to 310°C
and held for 1 minute. The peaks were analyzed with the Shimadzu GCMS solution
version 1.2 software. The results were normalized by dividing the peak area of the
unknowns by the peak area of the internal standard and were further normalized by the

plant weight that was measured during extraction process.

e Statistical analysis

Statistical analyses were performed as described below. All the p-values and statistical
analyzed data are presented in Appendix A.6.

a) Results were compared between samples collected from tanks without plants vs.
with tanks with plants for each concentration of TC (5, 35, 75 ppm) on each
sampling day (0, 1, 2, 3, 5, 15, and 30 days). Two-way ANOVA analysis was
conducted on results from each sampling day where, p values (p<0.05) were
compared between 1) different concentrations; ii) with and without plant; and iii)
their interaction effect using JMP IN version 8.0 (Sall et al., 2005). To
understand significant difference among treatment means Tukey-Kramer honest
significant difference (HSD) test was performed if interaction among the factors

were found significant.
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b) Results were compared between samples collected from tanks without plants

d)

exposed to 75 ppm of TC in dark vs. light on each sampling day (0, 1, 2, 3, 5, 15,
and 30 days) using the Student’s t-test (p<<0.05)to understand the effect of light in
TC degradation using Excel 2010 package .

Basic phytotoxicity parameters (plant mass, shoot and root length) were tested for
vetiver plant samples collected from tanks with and without TC on day 0 and day
30 during hydroponic study. Results were analyzed using 2-way ANOVA
(p<0.05) from each sampling day (0 and 30) where, p values (p<0.05) were
compared between 1) different concentrations; ii) with and without plant, and iii)
their interaction effect using JMP IN version 8.0 (Sall et al, 2005). To
understand significant difference among treatment means Tukey-Kramer honest
significant difference (HSD) test was performed if interaction among the factors
were found significant.

Statistical and hierarchical cluster analysis for metabolic analysis experiments
was performed using the Student’s t-test (p<0.05) and Pearson’s co-relation
comparison using Multiarray Viewer software version 4.7.4 (MeV) statistical
package. Pathway analysis was performed using MetaboAnalyst 3.0, followed by

the plant metabolic network and KEGG databases (Xia et al., 2012).

Results and Discussion
This study was conducted to evaluate the ability of vetiver grass to remediate and uptake
TC from aquatic systems. The results reported here are an in depth analysis of the vetiver

plant’s ability to remediate TC from aqueous sources. This invitro TC hydroponic
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remediation study presents comparative results between tanks treated with plants vs.
tanks without plants (Fig. 2.1). Results for the highest concentration of TC (75+5 ppm)
are reported here (Fig. 2.1). Results for 5 and 35 ppm TC are not shown here but show

similar trends (as 75 ppm) throughout (Appendix A, Fig. A.4.1 and A.4.2).

The results from hydroponic tanks treated with vetiver (Fig. 2.1) show the complete
removal of TC from the aquatic media within 30 days. This result is consistent with the
preliminary study conducted by Datta et al., 2013 where complete removal of TC by
vetiver grass took place within 40 days. However, the study conducted by Datta et al.,
2013 showed that compared with tanks with plants removal of TC from tanks in control
(no TC) plants was significantly higher. This result is not consistent with what was
observed in the current study. The differences in the result could be due to the difference

in analytical method or the experimental set-up.

Other studies have shown that the majority of TC removal/transformation from media
samples occurs between days 0 and 5 (Gujrathi et al, 2005), and the
removal/transformation process was faster in tanks treated with TC compared to tanks
without plants (Carvalho et al., 2012). In this study, the accumulation of ETC and ATC
was observed in both tank treatments (with and without plants), along with removal of
TC (Fig. 2.1 B, C). However, accumulation of ETC and ATC was lower in tanks with
plants compared to tanks without plants. The major accumulation of ATC takes place
between days 5 and 15. The accumulation was lower in tanks with plants, and eventually
disappears between days 15 and 30. On day 30, MS/MS analysis revealed the complete

removal of TC and TC isomers in tanks treated with vetiver using MS/MS, however
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traces of ATC were observed in samples from untreated tanks (Figure A.2.1). These
concentrations were not detected during HPLC analysis because the concentrations were
below the minimum detection limit. These results show for the first time, that vetiver
grass not only removes or transforms TC from the aqueous system, but also
degrades/metabolizes the potentially harmful isomers of TC (Dos Santos et al., 1998),
which normally persist in nature if they are not contained using a remediation
technology. However the earlier study reported that there was no drop in TC
concentration in media samples collected from tanks without plants which is not
consistent with the result of this study. Statistical analyses shows that on day 0 there is
no statistical significance between samples collected from tanks with plants and without
plants and there is no interaction between the factors either. On day 1, plant treatment
was found not significant individually (p = 0.1603) but the combination effect was
significant and Tukey’s HSD shows there was a difference between tanks with and

without plants in 35 and 75 ppm TC treatment.

On days 2, 3, and 5 both the factors and their interactions were significant (p<0.0001) and
Tukey’s HSD test shows there was a difference between tanks with and without plants in

all the treatments (5, 35, and 75 ppm).

To understand effect the effect of light on TC isomerization/degradation process tanks
were set-up in in presence and absence of light. The results indicated that the light
treatment did not have any significant effect on the TC transformation or removal process

(Figure A.3.1).
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Uptake and degradation of TC by multiple plant species has been observed in aquatic
systems (Kong et al., 2007, Carvalho et al., 2012). A detailed investigation of the uptake
of TC in vetiver roots and shoots was conducted in this study. Following the methods
and calculations (discussed in methods) from Doskey C, (2012), mass balance and
tranlocation factor were calculated in order to quantify the amount of TC being absorbed
by plant tissue at the end of the remediation trial. The mass balance results (Fig 2.2)
indicate the mass or amount of TC that was taken up by the plant root and shoot tissues
during the remediation trial. The results show compared to 5 ppm, 35 ppm and 75 ppm
there is some accumulation in the roots and mostly in the shoots (Fig 2.2). The roots
could have readily degraded TC or its isomers with an enzymatic detoxification
mechanism or it could have translocated TC to the shoots for further breakdown into
harmless metabolites (translocation factor results compared to Datta et al., 2013). The
translocation factor calculation (Fig 2.3) reports how the TC was distributed between the
plant roots and shoots. All of these results confirm that, although there is a process of TC
translocation involved between root and shoot of vetiver, the major transformation or
degradation of TC occurs in the root zone (Gujrathi et al., 2005). Based on literature
reviews, it can be speculated that TC degradation may occur in the root zone, which may
be an oxidative degradation process and/or an antioxidant mediated detoxification

process (Gujrathi et al., 2005 a, Farkas et al., 2007).

Basic toxicity parameters were run on vetiver grass to assess if there were any toxic
effects of TC on the plants. This was done by measuring the plant mass, root and shoot

length before and after the remediation trial. Statistical analysis shows that, before and
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after TC treatment plant biomass was not significantly different (p =0.059) and
interaction between different factors was also not significant (p = 0.5451). For shoot and
root length, before and after TC treatment the parameters were not significantly different
(p =0.25, p=0.36 respectively) however interaction between different factors were found
to be significant for both shoot and root length. Tukey’s HSD test shows there was no
significant difference between parameters checked before and after TC treatment. Hence,
overall it was concluded that vetiver is a robust plant species and can be used as a

suitable model for TC remediation.

Metabolic profiling of plants in the presence of antibiotic has never been conducted, so
the results obtained in this study cannot be compared to other research. However, the
results obtained from this study and earlier studies (Gujrathi et al., 2005, Datta et al,,
2013) suggest that, most TC detoxification activity is found in the plant root zone.

Hence, the vetiver root zone was investigated for metabolic profiling in presence of TC

(75 ppm).

A total of 32 metabolites were detected by comparing the samples of vetiver roots treated
with 75 ppm of TC vs. the control plant (negative control; tanks with plant but no TC).
Statistical analysis (Figure 2.6; hierarchical cluster results) showed that there were
significant metabolites present in the TC-treated vetiver root on day 30 of the hydroponic
trial. A total of three metabolites, cis aconitate acid, 5 —methoxyindoleacetate and
inositol 1, 3,4,5,6 —pentakisphospate, were identified using MetaboAnalyst. Upon
investigation in the KEGG database, it was found that all three of these metabolites are

associated with multiple metabolic or biochemical pathways (Table 2.1). Upon
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investigation using Metaboloanalyst and KEGG pathway analysis, it was found that in
the presence of TC these three metabolites were associated with glyoxylate and
dicarboxylate metabolism, and the citric acid cycle (TCA cycle). Both of these metabolic
pathways were found to be important in plants. Hence it was hypothesized that, increased
level of these metabolites may be associated with increased activity if this pathway.
Glyoxylate metabolism is important for amino acid biosynthesis (Sinha et al., 1965). To
understand the role of this pathway in TC metabolism, investigation of the role of the
pathway was conducted by using literature search. It was found that glutathione is an
important root-secreted metabolite that is secreted from plants as a response to stress
(Farkas et al., 2007). Glycine was another compound that was found to be increased in
presence of TC. Photorespiration in plants creates glycine, a metabolite that contributes
to the synthesis of glutathione (Wingler et al., 2000). Thus it is speculated that
glyoxylate metabolism which is responsible for synthesis of glycine may increase

glutathione production that eventually leads to the degradation of TC in vetiver root zone.

Additional metabolites were detected during this study, and have been investigated for
their possible role in the TC degradation process. Some of the metabolites were
expressed only in the TC-treated plant roots (such as glycine, tyrosine, butanoic acid) and
were completely absent in the control plant roots (Appendix A, Table A.5.2). Fewer
metabolites were detected only in control plant roots and completely absent in the TC-
treated plant roots samples (Appendix A, Table A.5.3). These metabolites were matched
against both KEGG and the plant metabolic network database; however no link could be

established between the reported metabolites and any metabolic pathways related to these
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metabolites that could be a part of TC metabolization process. Since this is the first time
metabolic information on plants under TC influence is being reported, all of the
information collected by the metabolic profiling of vetiver could be useful to the further

the understanding of the detoxification mechanisms used by plants to remediate TC.

Conclusions
This study demonstrates that vetiver could be a suitable model for the remediation of

antibiotics (such as tetracycline) from water sources. Vetiver plants demonstrated the
capability of remediating TC from media samples within 15-20 days in ahydroponic
experiment. Vetiver was found to remediate TC from the water source by taking up TC
into its roots and translocating it to the shoot, and by metabolizing or transforming the
TC. TC and its isomers, ATC and ETC, were not detected in tanks with plants unlike the
control tanks which had no plants. The light vs. dark experiment showed no significant
effect of light on the TC transformation or metabolization process. Metabolic profiling
of vetiver identified the possible involvement of glutathione pathway in TC
detoxification process. Also, no harmful effects of TC or its isomers were observed on

the plant survival.
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Figure 2.1. Transformation of TC in media samples collected from hydroponic tanks
treated with plants vs. without plants (A) TC disappearance during 30 day remediation
trial, (B) accumulation of ETC over time, (C) accumulation of ATC on day 15 of
remediation trial. MDL on the charts signifies that compounds were < minimum

detection limit with HPLC. Results presented as mean (n=3) + 1 SD.
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Table 2.1. Metaboanalyst analysed result shows ID standardization (match from Pub Med and KEGG analysis) and
associated pathways matched with statistical significant metabolite identified in tetracycline treated vetiver root on day

30 of hydroponic trial

Metabolite Associated Pathways/Metabolism

LL

Citrate cycle (TCA cycle)

Glyoxylate and dicarboxylate metabolism

C5-Branched dibasic acid metabolism

Biosynthesis of plant secondary metabolites

Biosynthesis of phenylpropanoids

Biosynthesis of terpenoids and steroids

Biosynthesis of alkaloids derived from shikimate pathway
Biosynthesis of alkaloids derived from ornithine, lysine and nicotinic acid
Biosynthesis of alkaloids derived from histidine and purine
Biosynthesis of alkaloids derived from terpenoid and polyketide
Biosynthesis of plant hormones

Metabolic pathways

Biosynthesis of secondary metabolites

2-Oxocarboxylic acid metabolism

Cis Aconinate

5-Methoxyindoleacetate

Trytophan Metabolism

e Inositol phosphate metabolism
e  Phosphatidylinositol signaling system

Inositol 1,3,4,5,6-
pentakisphosphate
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CHAPTER 3. Role of vetiver (Chrysopogon zizanoides L. Nash) root-associated
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Additional information including figure and tables that are not included in the chapter can
be found in Appendices B and C.

Appendix B is divided into 7 sections (C.1-C.7). The sections are summarized below:
Appendix B.l1- Supplemental data for bacteria recovered during the hydroponic
remediation experiment from the water and vetiver roots.

Appendix B.2- Initial screening for TC tolerance for the five bacterial strains that were
recovered from the hydroponic remediation experiment.

Appendix B.3- Preliminary growth study using defined and enriched media, for the three
bacterial strains that were best able to tolerate TC.

Appendix B.4- Results of 16S rRNA sequencing and MALDI-TOF for strain
identification

Appendix B.5- Results of the growth study of Serratia marcescens and Burkholderia
cepacia using both defined and enriched media after (consistently) increasing the
concentration of TC.

Appendix B.6- The minimum inhibitory concentration (MIC) levels of TC for Serratia
marcescens and Burkholderia cepacia.

Appendix B.7- Growth rate tables for each growth study for both defined and enriched
media, with and without TC.

Appendix B.8- Statistical detailed analysis results for 2-way Anova analysis and Tukey’s

HSD test.
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Appendix C is divided into 4 sections (B.1-B.4). The sections are summarized below:
Appendix C.1- Supplemental data from the TC removal study which used TSB medium
supplemented with TC.

Appendix C.2 — Supplemental data for TC transformation study which used TSB medium
supplemented with TC.

Appendix C.3 — Supplemental data for the intracellular and extracellular metabolomics
studies conducted on S. marcescens and B. cepacia.

Appendix C.4 — Recipes of different media used in various experiments.
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Abstract
The excessive use, improper handling and disposal of antibiotics have created negative

impacts on environmental and human health. Biological remediation systems using
plants and/or microbes could be used to remove these organic compounds from water
sources. Two bacterial strains that are associated with vetiver roots were recovered
during an invitro remediation study and were identified as Serratia marcescens and
Burkholderia cepacia. These two strains were tetracycline (TC) tolerant and were
evaluated for their ability to tolerate, degrade, use, or transform TC. These bacteria were
successfully transformed TC into its isomers, epi-TC (ETC) and anhydro-TC (ATC),
within five days, and transformation was faster in treated flasks than in the untreated
(abiotic) controls. The potentially harmful isomer of TC, ATC, disappeared within a 15-
day period in the treated flasks (with bacteria) compared to the abiotic flasks, which still
showed traces of these compounds. In general, B. cepacia showed a higher level of TC
utilization and transformation than S. marcescens. To understand the metabolic pathways
impacted during TC degradation in bacteria, extracellular and intracellular metabolomic
pathway analysis was performed on both S. marcescens and B. cepacia using GC-MS.
The results indicated that the fatty acid biosynthesis pathway was significantly expressed
during TC metabolism in both bacteria, hence revealing one of the possible pathways that

are potentially impacted during TC metabolism in these bacteria.

Keywords: Tetracycline, water sources, antibiotics, bioremediation, vetiver grass,

metabolic pathway
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Introduction
Antibiotic contamination in the environment is of serious global concern (Rehman et al.,

2013). Wastewater treatment facilities are not effective at removing these organic
compounds from the waste stream, leading the contaminated water to be discharged into
surface water system, and eventually into groundwater, irrigation water, and drinking
water resources (Michael ef al., 2013, Watkinson et al., 2009). Prolonged exposure to
antibiotics in the environment causes human health problems in the forms of multi-
antibiotic resistant bacteria, and an overall disturbed ecosystem (Fatta-Kassinos et al.,

2011, Gonzalez-Pleiter et al., 2013).

In last several decades, several biotic and abiotic remediation technologies have been
widely used to detoxify environmental sources from personal care products, hormones,
and antibiotics (Randhawa et al.,2011, Jiang et al., 2010, Kummerer et al., 2009a).
However, most of the conventional techniques are expensive and time-consuming
compared to the bioremediation process. The terms biodegradation or bioremediation
have not been well defined in practice (Jia et al., 2009, Pena et al., 1998). Generally,
biodegradation refers to the complete breakdown or removal of the parent compound.
However, many studies use the term biodegradation to refer (Jia et al., 2009, Pena et al.,
1998) to the transformation of the parent compounds into their isomers. In some cases,
the isomers are more harmful than the parent compound; hence the process should be
termed as biotransformation and not biodegradation (USGS;
http://toxics.usgs.gov/definitions/biodegradation.html). Biological treatment systems
that can biodegrade or completely remove the parent compound and its harmful isomers

would be a useful technology for antibiotic remediation. The goal of the biological
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treatment system would be to treat the wastewater effluent, removing these antibiotics
and transformation products before the final disposal of the wastewater effluent into

surface water sources (Michael ef al., 2013).

The most common and broad spectrum antibiotics used for human health and veterinary
purposes are penicillins, aminoglycosides, and TCs (Sarmah et al., 2006). Among these
TCs are most commonly detected in various environmental sources. Also, the TC group
of antibiotics is a broad spectrum class of antibiotics and is effective at killing both gram
positive and gram negative bacteria. (Ding et al.,2010, Kummerer et al.,2009, Sarmah et

al., 2006).

Studies of microbial antibiotic degradation show that the microbes recovered from
antibiotic contaminated systems could have the ability to degrade antibiotics because they
are acclimatized to these compounds (Nnenna et al, 2011). Dantas et al. (2008)
demonstrated that microbes (including Burkholderia and Serratia sps.) recovered from
antibiotic-contaminated soil can not only use various antibiotics as their sole carbon
source, but can also catabolize antibiotics via a degradation pathway. In addition, a study
conducted by Barnhill et al., (2010) showed that multi resistant Salmonella sps. are able
to degrade antibiotics. Ooishi and Tosa (2010) showed that tetracycline (TC)-degrading
bacteria were also TC-resistant could grow on it while degrading it in different water

sources tested.

However, a recent publication by Walsh et al., 2013 challenges the concept of Dantas et

al., (2008), by showing contradictory results that disprove the concept of antibiotic
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catabolizing by resistant bacteria. Instead, Walsh ef al., 2013 found the antibiotics were
detoxified by bacteria via resistance mechanisms and enzyme degradation as oppose to
having a unique mechanism to do so. The study was performed with the objective of
validating the results proposed by Dantas et al.(2008) who found that penicillin-resistant
soil bacteria could utilize and degrade penicillin as the sole carbon source. However, the
results obtained by Walsh ef al., 2013 indicate that there is no additional degradation
mechanism involved in the penicillin breakdown process except for B-lactamase activity.
The authors also pointed out that the defined media (single carbon source media; SCS)
with penicillin as the only carbon source described by Dantas ef al. (2008) actually had
an additional source of carbon in the media in the form of EDTA. There was also
evidence of bacterial growth in SCS media flasks that had not been supplemented with

penicillin.

Both studies Dantas et al., (2008) and Walsh et al., (2013) were designed and performed
with separate objectives and were conducted in different ways. However, the conflict in
these results still remains that whether or not antibiotic resistant bacteria can utilize and
degrade antibiotics as the sole carbon source (Dantas ef al., (2008), Barnhill ez al., (2010)
Nnenna et al., (2011), Walsh et al., (2013)). Although these studies did not specifically
examine the TC group of antibiotics, TC-resistant bacteria should still be studied using
the same concepts in order to determine their possible role in degrading the TC group of

antibiotics.

Vetiver (Chrysopogon zizanioides) is a sub-tropical grass and has shown its capability to

decontaminate various xenobiotic compounds (Makris et al., 2007, Truong et al., 2010).
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It has been established as a successful phytoremediation model for TC removal from
water sources (Datta et al, 2013, Chapter 2 of thesis). In this study, two vetiver root-
associated TC-tolerant bacteria, identified as Serratia marcescens and Burkholderia
cepacia, were recovered from hydroponic remediation tanks with the purpose of
identifying the role of these root-associated bacteria in TC degradation. These strains
were cultured and evaluated for their role in the TC detoxification and remediation
process. For each bacterium, the minimum inhibitory concentration (MIC) of TC was
measured, and their ability to use TC as the sole carbon and nitrogen source was
determined (Figure 3.1 and Figure 3.5). Growth conditions including pH, temperature,
and oxygen requirements were determined for each strain in presence of TC. These
growth conditions were optimized in a companion study (Appendix D), with the
objective of providing the best growth conditions for these bacteria when using them for

TC remediation.

Environmental metabolomics reveals the effect of environment on the metabolic changes
that occur in living organisms due to the interaction effect (Viant et al., 2012). Metabolic
profiling of organisms used in the field of bioremediation is gaining attention due to its
potential application in the field (Villas-Bdas and Per Bruheim, 2007). Derewacz et al.,
(2013) recently noted that there could be a significant metabolism shift in the
microorganism as a result of antibiotic resistance. Hence, to understand the TC
metabolism process in these TC-tolerant vetiver-root associated bacteria, intracellular and

extracellular metabolic profiling was conducted in both S. marcescens (SM) and B.
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cepacia (BC) in presence of TC. The results were compared to the abiotic control flasks

to understand the effect of TC on the metabolism of these bacteria.

Materials and Methods

e Isolation of TC-tolerant bacteria and sampling

Hydroponic tanks were set up as part of a 30 day TC remediation study using vetiver
plants (as per chapter 2 description, Sengupta et al., 2013 a). Bacteria were isolated and
cultured from both hydroponic media samples (from the tanks set-up for remediation
study; Ch.2) and vetiver root samples. Media samples were collected from different

tanks on days 0, 5, 15, and 30. Plant root samples were collected on days 0 and 30.

e Recovering and culturing TC-tolerant bacteria

Viable count analyses were performed on the plant and media samples using the spread
plate technique. The media samples were serially diluted and root samples were crushed
with liquid nitrogen in an autoclaved mortar and pestle following the method from
Trivedi et al., (2011), and then plated on enriched medium (R2A agar) with five different
concentrations (0, 10, 25, 50, 100 mg/L) of TC (99% pure obtained from Thermo
Scientific). Three dilutions were tested in duplicates with each sample. All the plates
were incubated at 30°C for 24-72 hours. The plates with maximum colony types were
selected for further analysis. A total of 23 bacterial colonies were recovered and among

them five bacterial colonies that could tolerate 50 ppm of TC were selected for further
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studies. Among these 23 colonies, 13 colonies were recovered from plant roots on day
30 and 10 colonies were recovered from media samples on days 5, 15, and 30. Among
these colonies, five colonies were randomly chosen for further analysis and were streaked
for isolation on enriched medium (R2A agar) supplemented with TC (100 mg/L). These
colonies were labelled as #1 through #5. Isolates #1, #2 and #3 were recovered from

plant root and isolates #4 and 5 were recovered from media samples.

e Growth studies

An initial screening of all five bacteria was conducted on SCS (Table C.4) supplemented
with 10 and 50 ppm of TC (appendix B.2). The medium was modified from Dantas et
al., (2013) as the SCS media used in this study, showed some growth in it even without
supplementing the media with a carbon source (modified medium recipe is in appendix
C.4, the purpose of modification was to make sure there are no additional carbon sources
other than TC added to the media such as EDTA ). The purpose of this experiment was
to evaluate if these bacteria can use and tolerate TC. Bacterial colonies that
demonstrated comparative higher growth (#1, #2, and #3) in both flasks (with 10 and 50
ppm of TC) were selected for further studies (Figure B.2.1). These colonies were also
streaked for isolation on R2A agar plates supplemented with 100 ppm TC on a weekly
basis, to ensure the purity of the culture and to keep the natural process of selective
pressure on the bacteria to enhance their TC utilization capability. After the initial
screening growth study, isolates #1, #2, and #3 were evaluated for their growth in

presence of 75 ppm of TC (TC concentration was increased to match the remediation
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studies, which was conducted in higher TC concentrations) in both SCS (defined) and
enriched (tryptic soy broth; TSB) medium (Appendix B.3). The inoculum flasks were
centrifuged individually and the pellet was washed with buffer twice to eliminate any
nutrient transfer in the flasks set-up for growth and optimization studies. For all growth
and optimization studies (involving single carbon source media), bacterial inoculum was
grown in TSB supplemented with 100 ppm TC overnight at 30°C in a gyratory shaker at
160 rpm and centrifuged (as discussed above) then transferred repeatedly (at least 3times)
in SCS media (to minimize nutrient carry over) before inoculating the SCS media flasks
for experiments. All absorbance values were measured at 660nm using
spectrophotometer and converted to dry weight (mg/L) wusing the formula

[((364.74* Absorbance) + (6.7* Absorbance?))] (Handbook of Microbiology).

e Screening for minimum inhibitory concentration (MIC)

Bacteria that were able to grow in the highest concentration of TC (75 mg/L) were
screened for their MIC of TC. A range of TC concentrations (0, 15, 60, 250, and 1000
ppm of TC) were tested on both of these bacteria and 96 well plates were set up with
inoculated and not inoculated controls in replicates of three (Andrews, 2001). The plates
were incubated at 30°C and absorbance was measured at 660 nm every 24 hours starting

at 0 hour, until a stationary phase was observed (48 hours).
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e Characterization and identification studies of unknown bacterial isolates

Bacterial colony types were characterized using standard methods and biochemical tests
in the lab (Table B.3.1) and were identified using MALDI-TOF and 16S rRNA analyses

(at MIDI Labs Inc, Newark, DE). The sequences are submitted to the gene bank.

e TC utilization study design

Bacterial colonies were maintained on R2A agar plates with 100 ppm of TC and were
transferred weekly. Inocula were prepared overnight in 250 mL erlenmeyer flasks. The
cells were centrifuged (10,000 x g for 10 min) and the pellet was re-suspended in the
flasks with the SCS (defined) medium (Table C.4.1) or TSB medium (enriched) before
inoculating the experimental flasks in order to avoid any extra nutrient transfer. SCS is a
defined medium and TC added as the sole carbon source (75 £5 ppm and 10 + 3 ppm).
TSB is an enriched medium containing multiple nutrients; along with TC, which is
supplemented as a carbon source (75 =5 ppm and 10 £ 3 ppm) (composition in Table
C.4). Erlenmeyer flasks (250 mL) were filled with 50 mL of each type of medium and
were compared to un-inoculated (medium with TC and without bacteria) and inoculated
controls (medium without TC and with bacteria). The TC utilization experiments were
carried out for 7 days at 30°C and the samples were collected every 24 hours for the
analysis of TC and its isomers anhydro-TC (ATC) and epi-TC (ETC) using HPLC LC-

MS/MS.
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e Bacterial sample preparation for metabolomics

Bacterial strains (#1 and #2) were prepared for GC-MS analysis following extraction
procedures modified from a previously reported method (Frimmersdorf et al., 2006), and
following the modified method from Chapter 2 (Sengupta et al., 2013 a). The bacterial
inocula were prepared as mentioned in the section above and the experimental flasks
were set up using erlenmeyer flasks (250 mL) with 50 mL of TSB and 75 +5 mg/L of TC
(this TC concentration was used to keep the study uniform with the TC remediation
study) . The flasks were incubated at 30°C for 8-10 hours until the log phase was

observed.

e Analytical method for HPLC and LC/MS-MS

All bacterial media samples collected during the TC utilization study were analyzed for
presence of TC and its isomers (ETC and ATC) following the method from Chapter 2

(Sengupta et al., 2013 a) and Jia et al., 2009.

e Sample Analysis method for GC-MS

The intracellular and extracellular bacterial samples after derivitization were analyzed
using GC-MS (GC-17A Shimadz coupled with GCMS-QP5050) to identify the
metabolites that were involved in a possible TC degradation pathway. The methods for

analysis were followed from Chapter 2 (Sengupta et al., 2013 a).
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Metacyc and Biocyc are two comprehensive metabolomics databases which allow users

to match compounds against the specific organism database to understand the role of a

particular compound. These databases were used to compare names of compounds,

received from GC-MS analysis, against these databases.

a)

b)

e Statistical Analysis for TC utilization study

Results were compared between samples collected from treated flasks with bacteria
vs. abiotic control flasks (without bacteria) on each sampling day (0, 1, 2, 3, 5, and 7)
for each concentration of TC used (10, 75 ppm) for both S. marcescens and B.
cepacia (separately). Two-way ANOVA analysis was conducted on each day where,
p values (p<0.05) were compared between 1) different concentrations (10 and 75
mg/L TC) ; i1) with and without bacteria; and iii) their interaction effect using JMP IN
version 8.0 (Sall et al., 2005). To understand significant difference among treatment
means Tukey-Kramer honest significant difference (HSD) test was performed if
interaction among the factors were found significant.

Statistical and hierarchical cluster analysis for metabolic analysis experiments were
performed using the Student’s t-test (p<<0.05). Statistical analysis was performed on
both intracellular and extracellular analyzed metabolites (75 = 5 ppm) of B.cepacia
and S. marcescens to identify the statistical significant metabolites expressed in
presence of TC compared to the controls (no TC) using Multiarray Viewer (MeV)
software 4.7.4 and the Student’s t-test (significance p<0.05) and Pearson co-relation.

Results were normalized with abiotic controls (no bacteria) to establish the baseline
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(Li et al., 2012) (Table 3.1). Pathway analysis was performed using MetaboAnalyst

3.0 followed by KEGG (Xia et al., 2012) and additional database online.

Results and Discussion
Wastewater effluents are identified as hotspots for antibiotic contamination because

wastewater facilities are not typically equipped to remove antibiotics. Hence, these
compounds are released into various water sources (Michael et al., 2013, Sarmah et al.,
2006). TC usually transform into its isomers (ETC and ATC), which in some cases are
more harmful than the parent compound (Jia et al., 2009). TC-tolerant bacteria were
recovered and cultured in lab from both media samples and vetiver root-zone samples
collected during the hydroponic TC remediation study. Bacterial colonies that were
highly tolerant to tetracycline (bacterial isolates # 1, 2 and 3) were selected for further

characterization (Appendix B).

Preliminary growth studies were conducted using different media (TSB and SCS)
supplemented with 75 ppm of TC for all three TC-tolerant bacteria. Two different media
were used to understand the TC metabolism process in these bacteria and to compare
their growth dynamics when presented with TC as the single carbon source vs. TC as one
of the carbon sources in the enriched medium. Results showed growth of all three
bacteria in both media types (Appendix B.3). However, the growth in SCS medium was
very low compared to TSB medium (Table B.7). However, since the growth was so low
in SCS medium, these three bacteria were naturally adapted over a period of 8-10 weeks

with repeated transfer of culture in presence of TC. The rationale behind the natural
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adaptation process was that, placing selective pressure on the bacteria would increase
their TC tolerance and use could also be effective in increasing TC catabolic ability

(Nicolaou et al., 2010).

Standard characterization tests were performed on these bacterial isolates (Table B.3.1) in
the lab, and then the samples were further identified using 16S rRNA sequencing and
MALDI-TOF (Matrix-assisted lase desorption/ionization- time of flight) . Results from
both the MALDI-TOF and 16S rRNA sequencing identified Isolates #1 and #3 to be
Serratia marcescens (SM) and isolate #2 to be Burkholderia cepacia (BM). Therefore,
further studies were conducted using isolates only #1 and #2. Since, isolate #1 and #3
were very similar (Figures B.3, B.3, D.1, D.2, D.4, D.6-D.8) and they were both
identified as SM, henceforth only isolate # 1 (comparatively higher growth compared to

#3) was used for other tests.

B. cepacia and S. marcescens have been reported as highly resistant to antibiotics and
they could be used as a bioremediation tools to degrade different antibiotics (Dantas et
al., 2008, O’Sullivan LA and Mahenthirallingam E 2005). Several growth parameters
were optimized for both of these bacteria in presence of TC (75 ppm) in a companion
study (Figures D.1- D.5).The optimized growth conditions in the presence of TC for these
bacteria were incubation temperatures of 24-30°C, pH of 7-7.5, and an aerobic

environment (growth rates presented in appendix B.7 and figures D.11 and D.12).

S. marcescens and B. cepacia were evaluated for their maximum tolerance of TC by

using a range of TC concentrations. The results (appendix B.6) demonstrate that there
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was little to no growth inhibition of these two bacteria when the TC concentration was as
high as 1000 mg/L. This suggests that these bacteria were well adapted to tolerate high
concentrations of TC and might possibly be using TC as a carbon source. Growth of
these bacteria was higher in presence of glucose but they still grew and utilized TC when
grown in SCS media (Figures D.11 and D.12). Although, this may suggest a slight

negative effect of TC on growth of these bacteria.

To evaluate if these bacteria could use TC as the sole carbon source, growth studies were
set up using SCS medium supplemented with TC (1 g/L). The results showed that these
TC-tolerant bacteria could successfully utilize TC as the sole carbon source (Figure 3.1).
These results agree with other studies which showed antibiotic resistant bacteria can use
antibiotics as the sole carbon source (Dantas ef al., 2008, Nnenna et al., 2011, Ooishi et

al., 2010).

The TC utilization capability of B. cepacia and S. marcescens was evaluated using TSB
and SCS media supplemented with TC (TSB: 75+5 and 10 + 3 ppm and SCS: 7545 and
10 £ 3 ppm). The results show that these TC-tolerant bacteria can successfully utilize
and transform TC on both kinds of media (Figures 3.2, 3.3, 3.4, appendix C.1 and C.2).
Figure 3.2 shows TC removal from the media (SCS) supplemented with TC and Figure
3.3 shows TC transformation to ETC in the SCS media flasks supplemented with of TC
respectively. Figures C.1 and C.2 show similar results as described above but in TSB
media. Both of these species were previously reported to utilize and resistant to
antibiotics such as when penicillins (1g/L) were the sole carbon source (Dantas et al.,

2008).
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These results also show that the transformation and removal of TC was higher in treated
flask than in the abiotic control samples between day 0 and day 7 (Figure 3.2 and C.1).
Also, the formation of ETC was higher in the control samples than in the treated samples
with B. cepacia and S. marcescens between day 1 and day 7 of the study (Figure 3.3 and
C.2.1). Thus, the overall results indicate the involvement of a biochemical pathway in
the biotransformation process of TC by S. marcescens and B. cepacia compared to the
control samples. ATC was detected in the control on day 15, however, it was not
detected in the samples treated with S. marcescens and B. cepacia (Figure 3.4) after 15
days of treatment. These isomers (ATC) have been reported to be more toxic to some
living organisms than the parent compound if remained untreated (Dos Santos ef al.,

1998).

Statistical analyses were performed for each bacterium (SM and BC) in both media (SCS
and TSB) separately. The results for SCS media (with TC) treated with BC vs. abiotic
media conditions on days 1, 3, 5, and 7 demonstrates that all factors and interactions were
significant, whereas on day 2 the factors individually were not significant but the
interaction was found significant. Tukey’s HSD test shows there was significant

difference between SCS media (with TC) treated with BC vs. abiotic media on all days.

The results for TSB media (with TC) treated with BC vs. abiotic media conditions on
days 1, 3, 5, and 7 demonstrates that all factors and interactions were significant, whereas
on day 2 the factors individually were not significant but the interaction was significant.

Tukey’s HSD test shows there was significant difference between SCS media (with TC)
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treated with BC vs. abiotic media on all days, except for in 10 mg/L TC treatment on day

2.

The results for SCS media (with TC) treated with SM vs. abiotic media conditions on
days 1, 2, 3, 5, and 7 demonstrates that all factors and interactions were significant.
Tukey’s HSD test shows there was significant difference between SCS media (with TC)
treated with BC vs. abiotic media on all days, except for in 10 mg/L TC treatment on day

2.

The results for TSB media (with TC) treated with SM vs. abiotic media conditions on
days 1 and 2, factors individually were not significant but the interaction was found
significant whereas, on days 3, 5, and 7 all factors and interactions were significant.
Tukey’s HSD test shows there was significant difference between SCS media (with TC)
treated with BC vs. abiotic media on all days except for in 10 mg/L TC treatment on days

land 2.

Since the results indicated that S .marcescens and B. cepacia could use tetracycline as the
sole carbon source, these bacteria were further evaluated to check if they could also use
TC as nitrogen source with a purpose of developing better understanding of TC
metabolism in these bacteria. Perlman et al, (1971) mentioned that antibiotic-tolerant
bacteria could use antibiotics as either the carbon or nitrogen source during their
transformation process. However, to the best of our knowledge, antibiotics have never
been screened to be used as nitrogen source by antibiotic-resistant bacteria. Figure 3.5

show that both S. marcescens and B. cepacia can use TC as sole nitrogen source.
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In order to further investigate the biochemical mechanism used by S. marcescens and B.
cepacia, intracellular and extracellular metabolomics analysis was performed during the
TC utilization study. Samples were collected during the log phase of growth to identify
the metabolites expressed during TC transformation and/or degradation process.
Although bacterial metabolic profiling has not been evaluated before in presence of TC
(or any other antibiotic), this approach has been tested during utilization of other
compounds by bacteria, including but not limited to, heavy metals and casamino acids

(L1, 2012, Frimmersdorf et al., 2013).

The results of extracellular metabolic profiling in both bacteria showed seven
statistically significant compounds (Appendix C.3) expressed during TC metabolism
(found in both bacteria), including phenols and esters, when compared to the abiotic
control. However, none of these compounds established a pathway match when analyzed
in MetaboAnalyst and KEGG databases. The results of intracellular metabolomic
profiling in both the bacteria identified two metabolites, palmitic acid and stearic acid,
which were significantly expressed (p<0.05) in treated flasks compared to control.
Pathway analysis identified these two metabolites to be part of fatty acid metabolism
(Table 3.1). N- Hexadecanoic acid which is also known as palmitic acid, had a high fold
change and was matched in Biocyc for both S. marcescens and B. cepacia. Palmitic acid
is a saturated fatty acid which is produced by phospholipases and triacylglycerol
degradation and consumed in fatty acid oxidation. Overall, metabolic profiling of both
TC-tolerant bacteria revealed that saturated fatty acids were significantly increased in

flasks supplemented with TC and thus impacted the pathway of fatty acid biosynthesis.
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These results are in agreement with a recent study by Derewacz et al, (2013), which
describe that the antibiotic-resistant bacteria demonstrate a change in fatty acid
composition as result of change in metabolism due to the resistance acquired towards

antibiotics.

Additional compounds were detected during intracellular and extracellular metabolic
analysis of S. marcescens and B. cepacia in presence of TC. These compounds did not
have a match in the database to relate the compound directly to a pathway used by
bacteria, which is likely because metabolic profiling during antibiotic metabolism is a
novel approach. However, there were differences observed between the control and
treated flasks. The results were not all statistically significant but the tables calculated
for fold change in metabolite concentration between the control and experimental flasks

have been reported in tables C.3.1 and C.3.2).

There were also differences observed between the control and treated flask samples in
terms of presence and absence of several metabolites. Some metabolites were present in
control samples but completely absent in the treated samples and vice-versa for both
intracellular and extracellular analyses. The metabolites which had a higher fold of
change (reduced and/or increased between control and treated samples) were explored for

their roles in bacterial metabolism (Appendix C.3).

Although there were no conclusive TC degradation pathways established by the
metabolic profiling experiment, many compounds were detected which were different

(present vs. absent, high vs. reduced) between the control and treated flasks. This
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information could provide useful insight for future molecular analysis performed during

the bacterial TC removal process.

The finding of this study is in agreement with some aspects, and contradicts other aspects
of a recent study by Walsh et al., (2013). The results of this study suggests that B.
cepacia and S. marcescens can use TC as the sole carbon source and can also transform
it, which is in agreement with the previous study by Dantas ef al.,. 2008, and Barnhill et
al., 2010. However, the results from this study could not confirm that the TC degradation
and transformation process used by these bacteria is an intrinsic bacterial catabolic
pathway. Further investigation is required to confirm and identify the biochemical

pathway involved in TC biodegradation process.

Conclusion
Vetiver root-associated bacteria (Burkholderia cepacia and Serratia marcescens) were

recovered from a hydroponic TC remediation system and can tolerate and grow in
presence of TC concentrations as high as 1000 ppm. These bacteria were able to
complete remove or biotransform both TC and its potential harmful isomers ETC and
ATC within 15 days of treatment. The TC-tolerant bacteria, B. cepacia and S.
marcescens, have a low optimum temperature range of 28-30°C and could potentially be

used in controlled settings to remediate TC.
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Figure 3.1. Growth study results of S. marcescens (SM) and B. cepacia (BC) in single
carbon source (SCS) medium supplemented with TC as single carbon source (1g/L). TC.
Control resuslts symbols for both SM and BC (with no TC). Results represented in mean

(n=3), 1 SD.
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Figure 3.2. TC removal by S. marcescens (SM) and B. cepacia (BC) with TC vs. abiotic
controls. The experiments were carried out for 28 days at 30°C, pH 7 in SCS media
supplemented with A) 75 ppm TC, and B) 10 ppm TC. Results presented in mean (n=3)
+1 SD. No TC was detected after 7 days.
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Figure 3.3. TC transformation into ETC by S. marcescens (SM) and B. cepacia (BC) in
treated flasks vs. abiotic control flasks. The experiments were carried out for 28 days at
30°C, pH 7 in SCS media supplemented with A) 75 ppm TC, below minimum detection
limit (MDL) on day 0, and B) 10 ppm TC, MDL on days 0 and 1. Results presented in
mean (n=3) +1 SD. There was no TC and ETC detected after day 7.
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utilization/transformation study A) Control (abiotic flask), B) B. cepacia on day 15. TC
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Table 3.1. Intracellular metabolomics results for B. cepacia and S. marcescens showed
that statistically significant compounds were expressed (listed in compound match)
during TC metabolism. Experiments were conducted in SCS supplemented with TC and

compared to the untreated abiotic control flasks

Compound match Pathway name

Palmitic acid and Stearic acid | Biosynthesis of unsaturated
fatty acid

Palmitic acid Fatty acid metabolism
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Figure 3.5. Growth study result of bacteria S. marcescens (SM) and B. cepacia (BC)
grown in single nitrogen source (SNS) media supplemented with TC (1 g/L) at 30°C, pH
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mean of n=3, £ 1 SD.

113



CHAPTER 4. Role of bacterial and vetiver (Chrysopogon zizanioides) antioxidant

enzymes in tetracycline detoxification *

This study was designed and conducted by Aparupa Sengupta with guidance from Susan
Bagley and Rupali Datta. Rupali Datta and Dibyendu Sarkar provided technical support.

All the authors guided, edited, and supported in the preparation of the manuscript.

Additional information that was not included in the chapter is presented in Appendix E.
E.1. Catalase enzyme activity of vetiver root compared to the untreated control

E.2. Equations for calculating antioxidant enzyme activities

E.2. Data for GST activity recorded in B. cepacia in the late-log phase

E.3. Tables of p values from statistical analysis

* The following document is to be submitted for publication in the journal Science of

the Total Environment.
114



Chapter 4. Role of bacterial and vetiver (Chrysopogon zizanioides) antioxidant enzymes

in tetracycline detoxification

Aparupa Sengupta', Dibyendu Sarkar, Susan Bagley', and Rupali Datta'
'Michigan Technological University, Houghton, MI, 49931-1295 USA
*Montclair State University, Montclair, NJ, 07043 USA

Corresponding Author: Aparupa Sengupta, asengupt@mtu.edu, (906)-370-8593.

Abstract
Antibiotic contamination in water and other environmental sources including soils and

sediments is a subject of concern worldwide. In a previous study, using an invitro
biological remediation set up, vetiver grass (Chrysopogon zizanioides) and its root-
associated tetracycline-tolerant bacteria demonstrated their tetracycline (TC)
detoxification ability in aquatic sources. The objective of this study was to investigate
and identify the mechanism of TC detoxification used by both plants and bacteria.
Protein was extracted from vetiver roots and TC-tolerant bacteria grown in presence of
TC and antioxidant enzymes guaiacol peroxidase (GPX) was measured in plant roots.
The level of glutathione S-transferases (GST) was measured in both plant roots and
bacteria. The results indicate the involvement of oxidative stress and production of
antioxidant enzymes by vetiver root and vetiver root- associated TC-tolerant bacteria
Burkholderia cepacia (#2) and Serratia marcescens (#1) in the presence of TC. Vetiver
roots showed significantly higher activity of glutathione S-transferases (GSTs) compared

to control on day 2 of the experiment. TC tolerant root associated bacteria B. cepacia and
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S. marcescens also showed a higher activity of GSTs, compared to controls during their
exponential phase of growth. These results suggest that the glutathione pathway is

possibly a TC detoxification mechanism used by both vetiver plants and bacteria.

Introduction
Antibiotic contamination has been regarded as a serious concern in recent times. This is

due to the potential adverse effects of these compounds on ecological balance, microbial
ecology, aquatic organisms, and human health in form of multi-antibiotic resistant
bacteria (Fatta-Kassinos et al., 2011, Gonzalez-Pleiter et al., 2013). The impact and
uptake of antibiotics has been studied on multiple plants and microbes (Liu et al., 2009,
Yang et al., 2010, Barnhill ef al., 2010, Dantas et al., 2008). These compounds are toxic
to some plants, however, some plants show no toxic response as a post-effect of antibiotic
treatment (Xie et al., 2011, Liu et al., 2013, Herklotz et al., 2010, Dolliver et al., 2007,
Gujrathi et al., 2005). Vetiver grass (Chrysopogon zizanioides) has been widely used as
a model for phytoremediation for various contaminants (Makris et al., 2007, Chen et al.,
2004, Truong et al., 2010) including antibiotics (Datta et al., 2012, Sengupta et al., 2013
a Chapter 2 of this thesis). Also there was no phytotoxic effect observed in vetiver due to
TC exposure (Datta et al., 2012, Sengupta et al., 2013a Chapter 2 of the thesis). The
microbial community associated with vetiver root has been evaluated and assessed for
their role in oil biogenesis and nitrogen-fixation property (Del et al., 2008, Vollu et al.,
2012). However, to the best of our knowledge, this was the first time that the role of
these microbes, and the production of antioxidant enzymes by vetiver root and

rhizospheric bacteria have been assessed during tetracycline remediation/detoxification.
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To understand the activity of the root zone and the possible interaction between plant
roots and rhizospheric bacteria during TC removal and transformation, root-associated
bacteria were cultured and assessesed for their ability to remove TC. Two TC-tolerant
bacteria, identified as Serratia marcescens and Burkholderia cepacia, were isolated from
the vetiver root-zone during an invitro hydroponic remediation study demonstrated high
tolerance towards TC and TC removal capability (Sengupta et al., 2013 b). Hence, in this
study, vetiver root and root-associated bacteria were investigated for a possible TC
removal or detoxification mechanism/(s) involving antioxidant defense in the presence of

TC.

Reactive oxygen species (ROS) formation is usually related to a stress condition and a
lack of oxygen (Blokhina et al., 2003). During oxidative stress, ROS are formed inside
and outside of the cells, which causes damage to macromolecules including
carbohydrates, proteins, and lipids (Gill and Tuteja, 2010) Antioxidant enzymes inhibit
the formation of ROS species by scavenging them using enzymatic and non-enzymatic
biochemical mechanisms (Blokhina et al., 2003; Gill and Tuteja, 2010). Antioxidant
enzymes, such as glutathione S-transferase (GST), and guaiacol peroxidase (GPX) have
been widely studied in plants under various abiotic and biotic stress conditions (Gill and

Tuteja, 2010).

There have been several studies on plant and antibiotic interactions that provide some
insight into the mechanism of degradation of antibiotics by examining antioxidant
enzymatic activity in plants. A study on maize by Farkas ef al., (2007) demonstrated that

GSTs may be associated with the plant root when detoxifying TC by demonstrating root
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exudates produced GST that effectively detoxified the TC group of antibiotics. Gujrathi
et al. (2005a and b) and Gurjarthi and Linden, (2005) have demonstrated that, under
stress conditions and in the presence of TC, hairy roots of Helianathus annuus produce
antioxidant enzymes, ascorbate peroxidase, CAT, and GPX. The results from the study
also suggest that the ROS associated with the roots are involved in the oxidative
degradation of TC, which resulted in an increase of the native antioxidant enzyme

activity.

A study by Park and Choung (2010) showed that bacteria possessing GST activity
reduced the concentration of tetracycline, ampicillin and sulfathiazole. Whole cell
preparations of bacteria were used for this purpose and the removal of antibiotics were
evident, suggesting the role of microbial GSTs in the degradation of these antibiotics.
Another study by Park, (2012) demonstrated that immobilized bacterial cells can

effectively transform and detoxify antibiotics using GSTs.

The ability of vetiver and its root-associated bacteria to remove and transform TC is
evident from previous studies (Sengupta et al., 2013 a & b). However, it is important to
understand the TC removal mechanism used by both the plants and bacteria in order to
implement this biological system to remediate TC from aquatic sources. Antioxidant
enzymes play important role in contaminant detoxification hence, the objective of this
study was to determine the role of antioxidant enzymes in the TC removal process in

vetiver roots and root-associated bacteria.
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Materials and Methods

e Hydroponic tank set-up, sampling plan, and protein extraction from vetiver

plants

Hydroponic tanks with vetiver plants were set up using the same methods from Sengupta
et al. 2013a; (Chapter 2 of this thesis). The tanks were set up in the growth chamber with
an air temperature of 30° C + 2, and a pH of 7. The experimental tanks were set up with
7545 ppm of TC and untreated control tanks were set up without TC. This TC level was
selected to go along with the earlier remediation studies in which 75 ppm of TC was used
(Chapter 2 and Chapter 3 of thesis). Both experimental and control tanks were set up in
replicates of three for each sampling day, and the plant samples were harvested from each
tank at time intervals: days 0, 1, 2, 3, 5, and 7. All the plant samples were frozen
immediately upon collection and stored at -80°C to avoid the further degradation and
isomerization of TC.

Protein was extracted from the vetiver root samples following methods described by
Farkas et al. (2007). Seventy mg of root material were collected from each plant sample
and ground using liquid nitrogen with a sterilized mortar and pestle and transferred to a 3
mL micro-centrifuge tube. After this, 0.5mL of protein extraction buffer (50 Mm Tris-
HCIL pH-7.2, 1 mM EDTA , 10 mM B-mercaptpethanol, and 1 pL of 20 mg/mL PMSF)
were added to each tube. The micro-centrifuge tubes were sonicated for 30 minutes. Ice

was added to the sonicator to ensure that the samples were kept cold. Then, the samples
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were centrifuged at 4°C for 15 minutes at 10,000 X g. The supernatant was the crude

protein which was collected in a sterilized micro-centrifuge tube and then stored at -80°C.

Bacterial antioxidant experiment set-up and protein extraction from bacterial samples

The TC-tolerant bacteria that were recovered from the vetiver roots (Chapter 3 of the
thesis), Burkholderia cepacia and Serratia marcescens, were assessed for their ability to
produce GSTs during the TC detoxification/catabolism process. Flasks were set up in
replicates of three with a single carbon source medium (SCS) and an enriched medium
(tryptic soy broth; TSB) supplemented with 75£5 mg/L of TC, and without TC for
controls (media composition modified from Dantas et al., 2008 and listed in Appendix B
of thesis). The experimental conditions were maintained as per the optimal growth study
(24-30°C, pH 7-7.3, aerobic) (Appendix D of thesis) and samples were collected and
harvested for protein extraction and for recording GST activity during the exponential
phase of growth. Protein was extracted from samples using a bacterial protein (B-PER)
extraction reagent kit (Thermo Scientific) which minimized the harsh chemical/
mechanical treatment process, and successfully lysed the bacterial cells with maximized

protein yield.

e Protein Quantification of plant and bacterial samples

The Bicinchoninic acid (BCA) colorimetric assay kit (Thermo Scientific) was used to
determine protein the concentration of plant and bacterial samples. For each extracted

protein sample, 200 pL of the working reagent was added to 25 uL of protein. For the
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standards, 10 pL of BSA standard was added to 200 pL of working reagent, prepared as

per the instruction from the kit, to construct the standard curve.

e Methods of measuring antioxidant enzyme activity

Glutathione-s-transferase activity assay:

The GST activity was measured in vetiver root and bacterial samples using a colorimetric
assay kit (Sigma Aldrich), which used 1-chloro-2, 4-dinitrobenzene (CDNB) as the
standard (Farkas et al., 2007). The total volume of the reaction mixture was made up to
200 pL consisting of 1.0 mM CDNB, 5.0 mM GSH, phosphate buffered saline (pH-6.5)
and 20 pL of protein. To initiate the reaction, the 96-well plate was agitated using a
shaker. = The change in absorbance was then measured at 340 nm with a
spectrophotometer for 5 minutes at ambient temperature (25-27°C). The experiment was
repeated three times with different protein samples used in replicates of six, with
glutathione positive control (Fisher Scientific) (n=3) and negative control (n=3, with only
reaction mixture, no protein). The absorbance values were averaged and normalized with
the controls (control absorbance values deducted from experimental absorbance values)
and then were placed in the following the equation from appendix E.2.1 to calculate the

GST activity in each samples (Farkas et al., 2007).

Guaiacol Peroxidase Activity Assay (GPX assay):
The GPX activity was measured in vetiver root samples following the method from
Farkas et al., 2007), using a colorimetric assay with H,O, as the standard substrate. The

total volume of the reaction mixture was made up to 200 pL consisting of 68 uM

121



guaiacol, 0.9 mM H,0,, 50 mM potassium phosphate buffer (pH 6.0) and 20 pL of
protein. To initiate the reaction, the 96-well plate was agitated. The change in
absorbance was then measured at 420 nm with a spectrophotometer for 5 minutes at room
temperature (25-27°).  GPX activity was calculated in different samples using the

equation from appendix E.2.2.

e Statistical analysis of results
Results were analyzed for statistical significance of enzyme activity using Student’s t-test
using Excel 2010 statistical package ( p<0.05). The results were compared between

samples collected from:

a) TC-treated flasks with bacteria vs. TC-treated flasks without bacteria (control) at log
phase for both S. marcescens and B. cepacia (separately) in two different media SCS and
TSB. Student’s t-test compared the statistical significance of enzyme activity at log

phase between treatment flasks and control flasks (p-values reported in table E.3.1)

b) TC-treated vetiver root samples vs. vetiver root samples not treated with TC (control)
on each sampling day (0, 1, 2, 3, 5, and 7). Student’s t-test compared the statistical
significance of enzyme activity on different days between treatment tanks and control

tanks (p-values reported in table E.3.2).

Results and Discussion

GST activity in TC-tolerant vetiver root associated bacteria

Bacterial GSTs play important roles in cellular detoxification and are associated with

biodegradation of contaminants, antibiotic resistance, and oxidative stress (Allocati et al.,
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2009). The mechanism of the GST detoxification pathway starts with glutathione
binding to the contaminant and then the GST enzyme catalyzes the removal and
degradation of the compound and its highly unstable conjugates. The rationale for using
two different media was to compare the results between defined and complex media to
understand if TC is utilized and degraded by both S. marcescens and B. cepacia when
present as both sole carbon source and as one of the source of carbon among other
organics. SCS is a defined medium where TC is present as a single carbon source and.
TSB which is a complex media where TC is present among other carbon sources.
Samples were collected at hour zero and at the exponential phase of growth, which was
predetermined during an optimization study, when growth was maximal, and when the
maximum removal of TC was taking place (Figures D.1-D.8, B.5 and Sengupta et al,,
2013 b).

Results for B. cepacia (Figure 4.1 A) showed significantly higher (p<0.05) GST activity
for both SCS and TSB media in the presence of TC. These results are in agreement with
the earlier study showing that B. cepacia, that is highly tolerant to TC can
detoxify/degrade these compounds within 7 days of treatment (Figures 3.2, 3.3, A.4.1,
A.4.2 of thesis). Results for S. marcescens (Figure 4.1 B) showed significantly higher
GST activity when grown on enriched media with TC compared to the control, however,
SCS did not show that trend. The differences in these results (lower GST production in
SCS media and lower production by S. marcescens vs. B. cepacia in general) may be
because of the way these two bacteria grow in these two different media. Usually growth
is lower in SCS medium for both bacteria compared to the complex medium (TSB) and

in general, growth is higher in presence of TC for B.cepacia compared to S. marcescens
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(Figures D.11, and D.12). Results from a companion study demonstrated (Ch. 3) that the
maximum removal/ transformation of TC takes place during the log phase of the bacterial
growth. The results for GST activity are in agreement with the transformation results
suggesting that the activity of GST in bacteria is significantly higher during log phase
compared to the control (Figure 4.1) during which transformation rate is higher.
However, there were no significant differences in GST activities recorded during late log
(with B. cepacia) phase of bacterial growth when compared to control.

There have not been many studies that explore the role of antioxidant enzymes in the
antibiotic decontamination process using bacteria. In a study by Park and Choung, 2010,
the roles of three bacteria in removal of antibiotics were reported. In another study by
Park, 2012 it was reported that GST activity was higher in bacteria during the TC
removal process, and the glutathione pathway was identified as a detoxification pathway
for the TC removal process

GST, and GPX activities in vetiver root

The results for vetiver roots treated with TC showed significantly higher (p= 0.01) GST
activity compared to the control samples on day 2 (Figure 4.2). The data for days 0, 1, 3,
5 and 7 indicated no statistically significant difference between TC treated and control
root samples. These results coincide with the TC removal/ transformation results from a
different study (Ch. 2) indicating that maximum TC transformation takes place between
days 1 and 2. These results are similar to the findings reported by Farkas et al., 2007;
however the results from chloro-TC -treated maize showed a higher GST activity
compared to control on all days (1, 2 and 3). The differences in the results between these

two studies could be because of the ability of vetiver plants to uptake TC which was
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maximal between day 0 and day two (Sengupta et al., 2013 a). There was no statistical
difference recorded in GST activity between treated vetiver root and control beyond day
2 of treatment.

GPXs are a group of antioxidant enzymes induced during stress in plants for oxidative
degradation of different TCs (Farkas et al., 2007, Gujrathi et al., 2005a, b, and Gujrathi
and Linden, 2005). Results for GPX activity in TC-treated vetiver root vs. untreated
control (Figure 4.3) showed no significant differences in GPX activity on days 1, 2 and 3
and no activity was recorded for day 5 and 7. The results are different from the GST
activity results, possibly because the major detoxification mechanism utilized during TC
removal is the glutathione pathway, and the remaining TC and isomers were removed
and/or metabolized by the vetiver plant (Sengupta et al., 2013 a).

No significant GPX activity was measured in the plant root samples in the presence of
TC. This result explains that since the plant were not as much in stress, there is not much
antioxidant enzyme activity measured. It could be speculated from these results that
glutathione pathway is possibly the major TC detoxification pathway that vetiver is using
to decontaminate TC and its isomers from water sources and the remaining concentration
of TC is translocated from roots of vetiver to the shoots, which is eventually metabolized
by the plant. The concentration of the enzyme is comparatively lower than from what is
reported in the literature (Farkas et al., 2007). One possible explanation of these low
enzyme concentrations could be that vetiver is not overly stressed by TC, so it is
producing less of the antioxidant enzyme. Alternatively, there is a possible TC catabolic

mechanism present in vetiver by which the major concentration of TC is removed and
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metabolized in the plant tissue; hence less GST is produced by the plant in presence of
TC.

Conclusion

This study identifies the glutathione pathway as one of the possible antioxidant
mechanisms utilized by both plant and microbes to remove TC. This is the first time that
a plant-microbe system, vetiver and its root-associated bacteria, has been investigated,
with the objective of understanding the antioxidant defense mechanism behind the TC
removal/transformation process. The findings of this study are important contributions to
better the understanding of the TC removal process used by plants and bacteria, and

could also be helpful for the removal of other antibiotics in future.
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Figure 4.1. Glutathione S-transferase activities from (A) B. cepacia and (B) S.
marcescens during exponential phase of growth (10™ hour from start of growth) in
different growth media with tetracycline (TC; 75 mg/L) and without TC; single carbon
source (SCS) and tryptic soy broth (TSB): media. Results are normalized with data
collected on 0 hr. and presented as mean (n=3) =1 SD. Asterisk (*) indicates statistically

significant result (p<0.05).
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2, 3, 5 and 7 of experiment; treated with TC (75 mg/L) and without TC. Results are

normalized with data collected on day 0 and presented as mean (n=3) =1 SD. Asterisk

(*) indicates statistically significant result (p<0.05).
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Thesis Conclusions

e Vetiver grass and its root-associated bacteria can effectively remove TC and its
isomers from aquatic systems.

e Vetiver can be used as a model for phytoremediation of TC as, it not only uptakes
and metabolizes TC but also there was no toxic effect of the compound observed
on the plant.

e Both TC- tolerant bacteria (identified as S. marcescens and B. cepacia) can
possibly use and degrade TC as sole carbon and nitrogen source. These bacteria
can also use and degrade TC when it is present as one of the carbon source among
lots of other organics in enriched media.

e Comparing the metabolic profiling of bacteria and plants with their respective
controls suggested that fatty acid biosynthesis pathway and glutathione pathway
were implicated as major pathways expressed during TC metabolism in these
organisms, respectively.

e The glutathione pathway was identified and significantly expressed in both plant
and bacteria during the process of TC transformation / degradation.

e This work significantly contributes and improves the understanding of TC
degradation process in plants and bacteria using different approaches (such as

analytical chemistry, metabolomics, and antioxidant enzyme activity).
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Recommendations

e The unknown metabolites detected in LC-MS/MS and GC/MS should be identified
and the role of known metabolites should be understood to map a potential TC
degradation pathway in plants.

e Plant samples should be sampled more often during the initial hydroponic
remediation study time-intervals.

e The microbial metabolites should also be explored for their possible roles in TC
degradation and proteomics studies should be conducted in bacteria in presence of TC
to understand the expression of different proteins during TC metabolism.

e With the purpose of applying the lab scale technology to the field, floating mass of
vetiver grass should be constructed in a controlled setting with waste water effluent
and should be inoculated with a known concentration of one of the TC-tolerant
bacteria. This biological treatment set-up should be tested to evaluate of it is

effective in removing TC and its harmful isomers from wastewater effluents.
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APPENDIX A. Additional information for Chapter 2. Tetracycline remediation and
identification of tetracycline metabolites in aqueous systems using vetiver grass

(Chrysopogon zizanoides L. Nash)

Appendix A is divided in six parts:

A.1. Total TC concentration accounted in different tanks (for 75 +5 ppm TC used)

A.2. MS/MS results for hydroponic tanks (with 75 £5 ppm TC) without plant on day 30

A.3. Hydroponic remediation study with TC comparing light vs. dark condition

A.4. Hydroponic remediation studies results with TC concentrations (5, 35 ppm)

A.5. Metabolites detected during metabolic profiling in vetiver presence of TC (75 ppm)

vs. control (no TC)

A.6. Table of statistical analyzed detailed results from 2-way Anova anad Tukey’s HSD

test
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A.1. Total TC concentration accounted for different tanks (for 75 £5 ppm TC used)

These results account for the tetracycline (from initial concentration on day 0 to final
concentration on day 30) in hydroponic tanks treated with vetiver and in control tanks
without vetiver plants [Fig. A.1.1 (A &B) and Table A.1.1]. In both experimental tanks
(with plants) and control tanks (without plants), no TC was detected on day 30 in the

media samples (A.1.1 a).

In experimental tanks (with plants), TC accumulated in day 30 plant tissues (root and
shoot), suggesting plants may play a role in the TC transformation/ degradation
process. However, compared to the initial TC concentration in the media (75 mg/L), the
amount recorded in plant tissue is low. Since the analysis of plant tissues was performed
on day 30, it is possible that some of the TC taken up by plant tissue was either
metabolized during the 30-day hydroponic trial period, or was degraded /transformed into

unknown metabolites during the trial period.
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Figure A.1.1. Results show A) Total TC concentration accounted (from the beginning to
the end of the hydroponic trial) in tanks treated with plants (starting at 75 ppm TC) and
tanks without plants (starting at 79 ppm TC). B) TC accumulation on day 30 in plant vs.
starting conc. of TC in media on day 30. Results presented here as mean n=3 £1 SD on

day 30 for each type of tank.
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Table A.1.1. TC and its isomers ETC and ATC concentrations detected in different tanks during the hydroponic remediation
trial (data shown in figure 2.1) Results presented as mean (n=3) +1 SD.

Days
Sample Designation 0 1 2 3 5 15 30
Tanks treated with vetiver Conc. of 74.67  35.65 9.82 3.87 1.83  0.53 MDL
Untreated tanks TC (ppm)  79.00 40.13 1263 9.01 MDL MDL MDL

Sample Designation
Tanks treated with vetiver Conc. of MDL  2.56 23 2.06 1.31 MDL MDL

Untreated tanks ETC(ppm) \pL 500 352 400 240 MDL  MDL

Sample Designation
Tanks treated with vetiver Conc.of MDL MDL MDL MDL MDL 5.00 MDL
Untreated tanks ATC(ppm) MDL MDL MDL MDL MDL 10.03 MDL

‘<Minimum detection limit (MDL) in
HPLC



A.2. MS/MS results for hydroponic tanks (with 75 £5 ppm TC) without plant on day

30

ATC could not be quantified using HPLC (because of the conc. being < minimum
detection limit in HPLC of the instrument) on day 30. However, ATC was detected in
samples collected from tanks without vetiver plant during hydroponic remediation

experiment on day 30 in MS/MS (Fig. A.2.1). There was no trace of ATC or ETC in

427 .2

samples collected from tanks treated with vetiver plant on day 30.
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Figure A.2.1. Full MS-MS chromatogram shows ATC (circled in black) detected in
samples from tank not treated with plant exposed to TC (75 + 5 ppm) on day 30.
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A.3. Hydroponic remediation study with TC (75 5 ppm) comparing light vs. dark

condition

Hydroponic tanks were set-up without plants in dark (covered with black cloth) vs. light
conditions to understand if there was any effect of light on TC
transformation/degradation. There was no effect of light observed on TC
transformation/degradation (Student’s t-test comparing between tanks in light vs. dark on

each sampling day, p<0.05).
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Figure A.3.1 Transformation of TC (75 +5 ppm) in TSB media samples collected from
hydroponic tanks without plant in dark and light (A) TC disappearance during 30 day
remediation trial, (B) accumulation of ETC), (C) accumulation of TC. MDL on the
charts signifies < minimum detection level of the compounds in HPLC. Results
presented in mean (n=3) £ 1 SD.
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A.4. Hydroponic remediation studies results with TC concentrations (5, 35 ppm)

Results are reported here for tanks with and without plants with TC (5 and 35 ppm). TC
disappearance and transformation of TC into its isomers ETC and ATC is reported for

both concentrations.
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Q
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Figure A.4.1. Transformation of TC (4.5 + 1 ppm) in media samples collected from
hydroponic tanks with plants vs. tanks without plants (A) TC disappearance during 30
day remediation trial, (B) accumulation of ETC. ATC was not detected in any samples.
MDL signifies < minimum detection level of compounds in HPLC. Results present in
mean (n=3), = 1 SD.
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Figure A.4.2. Transformation of TC (33 £ 2ppm) in media samples collected from
hydroponic tanks with plants vs. tanks without plants (A) TC disappearance during 30
day remediation trial, (B) accumulation of ETC, (C) accumulation of ATC on day 15 of
remediation trial. ATC was not detected in tanks with plants on day 15. MDL signifies <
minimum detection limit of compounds in HPLC. Results presented as mean (n=3) £ 1
SD.
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A.5. Metabolites detected during metabolic profiling in vetiver in the presence of TC

(75 = 5 ppm) vs. control (no TC)

Results show different metabolites detected using GC-MS in vetiver root in presence of
TC and compared to the control roots (no treatment of TC) on day 30.

The compounds/ metabolites detected were matched with MetaboAnalyst, and KEGG
database for ID standardization and finally searched for association with possible
pathways related to antibiotic metabolism in plants using KEGG and plant metabolic
network database (Xia ef al., 2012, www.plantcyc.org). Metabolites that were

expressed only in roots treated with TC and there were no expression of these compounds
detected in control plant roots are listed in Table A.5.1 and metabolites expressed only in
control roots and not detected in roots treated with TC are listed in Table A.5.2 and
metabolites compared in terms of fold change between roots treated with TC and control

plant roots are listed in Table A.5.3.
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Table A.5.1: Metabolites detected in plant roots treated with TC. Not detected in plant
roots not treated with TC. Results are presented in mean (n=3)

Compounds Conc. (mg/L) Std. Dev.
1,3-Diphenyl-2-azafluorene 0.02 0.01
1H-Indole-3-acetic acid, 5-methoxy 0.03 0.02
1-Propene-1,2,3-tricarboxylic acid 0.03 0.01
2,2'-Biphenylylenephosphoric acid 0.12 0.02
2-Pentenoic acid, (E,4S)-4-[((R)-a-methoxy-a- 0.02 0.01
trifluoromethyl-a-phenylacetyl)amino]-, ethyl ester ’
D-Glucopyranuronic acid, 1,2,3,4-tetrakis 0.04 0.02
Androst-2-en-17-amine, 4,4-dimethyl-N-(2- 0.02 0.02
phenylethyl)-, hydrocholoride, (5a)- ’

Asparagin, N,N,N' 0.18 0.08
Benzoic acid, 2,6-bis 0.01 0.01
Butanoic acid 0.05 0.01
D-Glucopyranose, 4-O-[2,3,4,6-tetrakis-O-a-D- 03 0.02
galactopyranosyl]-1,2,3,6-tetrakis ’

Fructofuranoside, methyl 0.16 0.02
Glutamine, tris 0.25 0.07
Glycine, N,N-bis 0.1 0.03
Levophenacylmorphan 0.03 0.01
L-Lysine, N2,N6,N6-tris 0.02 0.01
L-Tyrosine, N,O-bis 0.03 0.0
L-Valine 0.05 0.03
Mannose, 2,3,4,5,6-pentakis-O 0.04 0.01
Methyl 1,4,7,8-tetrahydro-2,7,7- 3- 0.0

.o 0.01

quinolinecarboxylate

Myo-Inositol, 1,3,4,5,6-pentakis-O 0.01 0.02
Phosphonic acid, (phenylmethyl) 0.08 0.07
Putrescine tetraTMS 0.3 0.05
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Table A.5.2: Metabolites detected (concentration) in plant roots not treated with TC. Not
detected in plant roots treated with TC. Results are presented in mean (n=3) +1 SD

Conc.
Compounds (mg/L) Std. Dev.
3-(4-Methylphenoxy)benzoic acid | 0.02 0.0
Sitosterol 0.03 0.01
Maltose 0.03 0.01
Xylitol 0.28 0.08

Table A.5.3: Fold change in metabolites concentration (compared between plant roots
treated with TC vs. not treated with TC). Results are presented in mean (n=3) =1 SD

Compound Fold Std. Dev.
Change

Arabinofuranose, 1,2,3,5-tetrakis 2.57 0.01

Cis aconitic acid 1.68 0.01

5 —methoxyindoleacetate 0.96 0.05

Inositol 1, 3,4,5,6 —pentakisphospate 1.23 0.02
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Appendix A.6. Statistical analysis details

Table A.6.1. Statistical analysis details for TC disappearance in media samples collected
from hydroponic tanks with vs. without plants

Summary Table for p-values:

p value p value
Days b.etween betwe?n with p value for
different vs. without interaction
concentrations plants
Day 1 0.160 0.163 <.00001
Day 2 0.62 0.24 <.00001
Day 3 <0.0001 <0.0001 <0.0001
Day 5 <0.0001 0.0008 0.0016

If the interaction was significant between factors, Tukey’s HSD test was conducted and
the analyses are presented below.

Day 1

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 5 42518334 850367 1151.872
Error 12 8.8582 0728 Prob>F
C. Total 17 42606916 =.0001*

Day 2

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Maodel 5 3847383 76.9477 1849210
Error 12 0.04993 0.0042 Prob=F
C. Total 17 384.78824 =.0001*
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Day 3

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 5 183.19934 36.6400 29708.08
Error 12 0.01480 0.0012 Prob>F
C. Total 17 183.21464 =.0001*

Day 5

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 5 146.13560 202271 3581023
Error 12 0.97940 0.0816 Prob=F
C. Total 17 14711500 =.0001*

Table A.6.2. Table of p-values for TC disappearance (75 ppm) compared between
hydroponic tanks in light vs. dark

Time (days) | p values
Day 1 0.381
Day 2 0.312
Day 3 0.063
Day 5 0.053
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Table A.6.3. Statistical analysis details for phytotoxicity analysis

Summary Table for p-values:

Phytotoxicity p val.u ebetween p value between p value for
different . .
parameters . day 0 and 30 interaction
concentrations
Plant mass 0.32 0.059 0.05
Shoot length 0.62 0.24 <.00001
Root length <0.0001 0.0097 <0.0001

If the interaction was significant between factors, Tukey’s HSD test was conducted and
the analyses are presented below for different parameters.

Plant Biomass

Interaction was not significant so Tukey’s HSD test was not conducted.

Shoot Length

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model T 17224785 24 GOGE B84 4157
Error 16 4 66393 02915 Prob>F
C. Total 23 17691178 =.0001*

Root Length

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 7 63.054263 900775 432788
Error 16 3.330133 020813 Prob>F
C. Total 23 B6.384396 =.0001*
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APPENDIX B. Additional information for Chapter 3. Recovery of tetracycline-tolerant
bacteria from vetiver (Chrysopogon zizanioides L. Nash) root-zone and media samples
and determination of their ability of maximal tetracycline-tolerance and usage (as a sole

carbon and nitrogen source)

B.1- Data for recovery of bacteria from water (from hydroponic tanks) and vetiver root
during hydroponic remediation experiment.

Bacteria were recovered on R2A media supplemented with different concentration of TC
(0, 5, 10, 25, 50, 100 ppm). These results are supplementary to the materials provided in

Chapter 3 and Appendix D.

Table B.1.1. Viable count results (Media samples) in CFU/ mL (colony forming unit).

Sampling Days | 0 ppm TC 10 ppm TC 25ppm TC 50 ppm TC 100 ppm TC
Day 0 633X 10° 18X 10’ 1X10°* <1 <1
Day 5 358X 10° 995X 10" 128X10°  2X10° 496 X 10°
Day 15 28X 10*  24X10* 43X10* 332X10° 578X 10
Day 30 3.74 X 10° <1 22X10*  19X10* 1.81X10°

Results presented as mean (n=3).
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Table B.1.2. Viable count results (Plant root samples). Results presented as mean (n=3).

Sampling Days 0ppm TC 10ppm TC 25 ppm TC 50 ppm 100 ppm
TC TC

Day 0 <1 <1 1.3x10°  1.1x10* 1.1X10°

Day 30 496X 10°  658X10°  693X10° 54X10° 323X10
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Appendix B.2- Data for initial screening of five bacteria (five strains) for their TC
tolerance capability

Initial screening (growth study) results of five unknown bacteria recovered from
hydroponic remediation tanks (3 from vetiver root-zone and 2 from media samples)
during a 28 day trial. Bacterial isolates #1, #2, and #3 were isolated from vetiver root and
isolates #4 and #5 were recovered from media samples. The unknown bacterial isolates
were evaluated for their initial TC tolerance ability using 10 and 50 ppm of TC in a single
carbon source medium (SCS). These results are supplementary to the materials provided

in Chapter 3.
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Figure B.2.1. Initial screening (growth study) result of isolated pure culture colonies of
bacteria (isolates 1, 2, 3, 4, 5) grown in SCS medium supplemented with A) 10 ppm TC

and B) 50 ppm TC ( at 30°C, pH 7). Results presented as mean of n=3 £1 SD
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Direct counts were performed on the flasks set-up for growth studies at the end of the
experiment (72 hours; Fig. B.2.1) as the initial screening results showed very low growth
of bacteria in SCS supplemented with 10 and 50 ppm of TC. Direct count results
confirmed that there was growth recorded in all flasks in presence of TC (compared to 0

hour result where growth was <1 X 10° CFU/mL).

Table B.2.1. Direct count results (CFU/mL) of different flasks set-up for initial screening
study at 72 hrs. Results presented as mean (n=3).

TC conc. Isolates recovered during hydroponic experiment
#1 #2 #3 #4 #5
10ppm 6.8 X10° 43X10° 12X10° 2X10° 12X10°

50ppm 72X10° 2.8X10" 3X10° 12X10° 1.6X10°
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Appendix B.3. Preliminary growth study (using defined and enriched media) and
characterization results for three bacterial strains selected based on their ability to
tolerate TC for further studies

After initial screening (Fig. B.2.1) and colony morphotypes on plates three bacterial
isolates were selected for further studies. Experiments were conducted in both SCS
(defined) and TSB (complex) media supplemented with TC (75 ppm) and flasks were
incubated at 30°C on gyratory shaker at 160 rpm, pH 7 in aerobic condition. Inoculum
was grown in SCS media (for 24 hours) to avoid transfer of any nutrient trasnfer. These

results are supplementary to the materials provided in Chapter 3 and Appendix D.
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Figure B.3.1. Growth study result of bacteria #1, #2, and #3 grown in A) SCS and B)
TSB media supplemented with 50 ppm of TC at 30°C, pH 7,160 rpm. Results presented

as mean of n=3 +1 SD.
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Table B.3.1 below presents the detailed characterization (gram stain, colony morphology
and basic biochemical characterization) of three TC-tolerant vetiver root-associated

bacteria.

These three TC-tolerant were characterized (B.3.2) and identfied using 16S rRNA
sequencing and MALDI-TOF (B.4). These bacteria were also naturally adapted over a
period of 8-10 weeks by streaking the bacteria colonies for isolation is R2A plates
supplemented with high concentration of TC (100 ppm). These results are supplementary

to the materials provided in Chapter 3.
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Table B.3.1. Basic bacterial characterization based on gram stain, colony morphology, and biochemical tests

Gram . . OF - .
Ba.cte stain/sh Size Oxida | Catala Citrate Nitra Test(glucose Motili | Pigment Colony Morphology
ria se se te ty S
ape )
Open: Acid
Shape: round, Margin:
-/ 5% Closed entire, Elevation: raised,
#1 . - + + (with oil): + Red Texture: mucoid,
0.5um . .
rod Acid Opacity: Opaque,
Colony Size: 3.2 mm
Open: Acid Shape: round, Margin:
. tire, Elevation:
-/ Closed (with Yellow entire, Zievation
1x 0.5 . convex, Texture:
#2 m + + + oil): No - mucoid. Opacity:
rod H change ucoid, Opacity:
Opaque, Colony
Size:2mm
-/ Open: Acid Shape: round, Margin:
entire, Elevation: flat
1x0.5 Closed ) ’ .
#3 rod Xm + 08¢ + White Texture: dry, Opacity:
K (with oil): translucent, Colony
Acid Size:1.5-2 mm




Appendix B.4- MALDI-TOF and 16 S rRNA sequencing information
Appendix B.4.1
Table B.4.1. Results of MALDI-TOF conducted on unknown bacterial samples (#1, #2,

#3) (by MIDI labs, Inc, Delaware, NE)

Unknown | Rank | Score Organism Source Closest Confidence
isolate # Match Level
#1 1 2.33 Serratia marcescens Serratia Species
13103 1 CHB marcescens
2 2.20 Serratia marcescens ssp
marcescens DSM 30121T
DSM
3 2.17 Serratia marcescens (PX)
24086109 MLD
4 2.15 Serratia marcescens DSM
30122 DSM
5 2.14 Serratia marcescens DSM
12485 DSM
#2 1 2.47 Burkholderia cepacia DSM | Burkholderia Species
7288T DSM cepacia
2 2.43 Burkholderia cepacia DSM
9241 DSM
3 2.39 Burkholderia metallica
DSM 23519T DSM
4 2.39 Burkholderia seminalis
DSM 23518T DSM
5 2.38 Burkholderia cepacia DSM
50181 DSM
6 2.30 Burkholderia lata DSM
23089T DSM
7 2.27 Burkholderia cenocepacia
LMG 12614 HAM
#3 1 2.37 Serratia marcescens Serratia Species
13103 1 CHB marcescens
2 2.35 Serratia marcescens (PX)
24086109 MLD
3 2.31 Serratia marcescens ssp
marcescens DSM 30121T
DSM
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B.4.2. Results of 16S rRNA conducted on unknown bacterial samples (#1, #2, #3) (by

MIDI labs, Inc, Delaware, NE)

Sequences were compared to the NCBI database using BLAST search and the results are
reported below. Isolate #1 and #3 were both identified to be Serratia marcescens hence,
only isolate # 1 was selected along with isolate #2 (identified as Burkholderia cepacia)
for further studies. These results are supplementary to the materials provided in Chapter

3.

Bacterial Isolate # 1 >1304128647 (sequence obtained from MIDI labs, Inc.)

TGGAGAGTTTGATCCTGGCTCAGATTGAACGCTGGCGGCAGGCTTAACAC
ATGCAAGTCGAGCGGTAGCACARGGGAGCTTGCTCCCYGGGTGACGAGCG
GCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGAGGGGGATAACT
ACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGAGGGGG
ACCTTCGGGCCTCTTGCCATCAGATGTGCCCAGATGGGATTAGCTAGTAG
GTGGGGTAATGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGAT
GACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAG
CAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCG
TGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCGAGGAGGAAGG
TGGTGAGCTTAATACGYTCATCAATTGACGTTACTCGCAGAAGAAGCACC
GGCTAACTCCGTGCCAGCAGCCGCGGTA

Sequence (total 528 bp) matched with Basic Local Alignment Search Tool (BLAST) in
ncbi.nlm.nih.gov
Max score: 959

Total score: 959
Query cover: 99%
Identification with the database: 99%

Matched with : Serratia marcescens strain XSJ7
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Bacterial Isolate #2 >1304128648 (sequence obtained from MIDI labs, Inc.)

TGGAGAGTTTGATCCTGGCTCAGATTGAACGCTGGCGGCATGCCTTACAC
ATGCAAGTCGAACGGCAGCACGGGTGCTTGCACCTGGTGGCGAGTGGCGA
ACGGGTGAGTAATACATCGGAACATGTCCTGTAGTGGGGGATAGCCCGGC
GAAAGCCGGATTAATACCGCATACGATCTACGGATGAAAGCGGGGGACCT
TCGGGCCTCGCGCTATAGGGTTGGCCGATGGCTGATTAGCTAGTTGGTGG
GGTAAAGGCCTACCAAGGCGACGATCAGTAGCTGGTCTGAGAGGACGACC
AGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGT
GGGGAATTTTGGACAATGGGCGAAAGCCTGATCCAGCAATGCCGCGTGTG
TGAAGAAGGCCTTCGGGTTGTAAAGCACTTTTGTCCGGAAAGAAATCCTT
GGCTCTAATACAGYCGGGGGATGACGGTACCGGAAGAATAAGCACCGGCT
AACTACGTGCCAGCAGCCGCGGTa

Sequence (total 524 bp) matched with Basic Local Alignment Search Tool (BLAST) in
ncbi.nlm.nih.gov
Max score: 965

Total score: 965
Query cover: 100%
Identification with the database: 99%

Matched with: Burkholderia cepacia
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Bacterial Isolate #3 >1304128649 (sequence obtained from MIDI labs, Inc.)

TGGAGAGTTTGATCCTGGCTCAGATTGAACGCTGGCGGCAGGCTTAACAC
ATGCAAGTCGAGCGGTAGCACAGGGGAGCTTGCTCCCCGGGTGACGAGCG
GCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGRTGGAGGGGGATAACT
ACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGAGGGGG
ACCTTCGGGCCTCTTGCCATCAGATGTGCCCAGATGGGATTAGCTAGTAG
GTGGGGTAATGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGAT
GACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAG
CAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCG
TGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCGAGGAGGAAGG
TGGTGAACTTAATACGTTCATCAATTGACGTTACTCGCAGAAGAAGCACC
GGCTAACTCCGTGCCAGCAGCCGCGGTA

Sequence (total 528 bp) matched with Basic Local Alignment Search Tool (BLAST) in
ncbi.nlm.nih.gov
Max score: 968

Total score: 968
Query cover: 100%
Identification with the database: 99%

Matched with: Serratia sp. DC 2
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B.4.3. Phylogenetic tree constructed for isolate # 1 (S. marcescens) and isolate # 2 (B.

cepacia) using 16S rRNA sequence obtained from MIDI Labs, Inc.

Phylogenetic tree was constructed for both isolates 1 and 2 (S. marcescens and B. cepacia
respectively) using BLAST (ncbi.nlm.nih.gov). 16 S rRNA sequences, obtained for
isolate # 1 (S. marcescens) and isolate # 2 (B. cepacia) were searched as queries
(separately) using BLAST, uncultured sequences were excluded and highly similar
sequences were included in the search and then megablast search was conducted. For
generating phylogenetic trees (presented below in figures B.4.3.1 and B.4.3.2) 98%
similarity and above was selected between sequences (query vs. database) and neighbor

joining alignment was conducted.
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“ Serratia nematodiphila partial 168 rRNA gene, isolate B117
¥ Serratia nematodiphila strain DZOS03SES 168 ribosomal RNA, partial sequence
o 4 Berratia marcescens strain cocoon-1 165 ribosomal RNA gene, partial sequence
L “J Serratia marcescens strain BL1 168 ribosomal RNA pene, partial sequence
“ Berratia sp. WI09 165 ribosomal RNA pene, partial sequence
gPseudomonm sp. DHU-38 165 ribosomal RNA gene, partial sequence
“denterobacteria | 2 leaves
jSerratia nematodiphila strain DZOS03SBSH 1-2 165 ribosomal BNA pene, partial sequence
 Serratia nematodiphila strain EHST 168 ribosomal RNA gene, partial sequence
<l enterobacteria | 2 leaves

* ? 3 Bacterium A2(2013) 165 ribosomal RNA gene, partial sequence
Aenterobacteria | 2 leaves
- enterobacteria | 4 leaves
[

@  Serratia marcescens subsp. sakuensis strain KRED 168 ribosomal RNA, partial sequence
o “Menterobacteria | 4 leaves

o Setratia marcescens strain XSI7 168 ribosomal RNA gene, paitial sequence

 Serratia sp. 4034 168 ribosomal RNA gene, partial sequence
&  Berratia marcescens partial 165 rRNA gene, strain RSPEL
+ Serratia marcescens strain ITBB B3-1 165 ribosomal RNA pene, partial sequence
 Serratia marcescens strain NS-17 168 ribosomal RNA gene, partial sequence
o Berratia marcescens strain INB3-1 165 ribosomal RNA pene, partial sequence
“ Serratia marcescens strain AKLI 165 ribosomal RNA gene, partial sequence
¥ Serratia marcescens strain L1 168 ribosomal RNA gene, partial sequence
by # Bacterium NTL338 168 tibosomal RNA gene, paitial sequence
Hemerobacteria | 4 leaves
& < Berratia marcescens strain 314 165 ribosomal RNA pene, partial sequence
gﬁ.merium 2-1 165 ribosomal RNA pene, partial sequence
& Serratia sp. AH-7-3 168 ribosomal RNA gene, partial sequence

* “enterobacteria | 2 leaves
4 Bacterium A4(2013) 165 ribosomal RNA gene, partial sequence
a “enterobacteria | 3 leaves
+ Serratia sp. DC 2 168 ribosomal RNA gene, paitial sequence
] 4 ¢ Bacterium A1(2013) 168 ribosomal RNA gene, partial sequence
2 gSerr.ﬂia sp. ZI1-1 165 ribosomal RNA gene, partial sequence
o Ahacteria | 2 leaves
T 4 Bacterium AS(2013) 165 ribosomal RNA gene, partial sequence
iemero]mmr'm | 5 leaves
] M enterobacteria | 100 leaves
iy “ enterobacteria | 13 leaves Query sequence
t Aenterobacteria | 3 leaves
@ Serratia sp. TSS partial 168 tRNA gene, isolate TSS
@

“ Serratia sp. JG-3-1 168 ribosonal RNA gene, partial sequence
w Bacterium 2-4 168 ribosomal RNA gene, partial sequence

3 Serratia sp. HX-2-4 165 ribosomal RNA gene, pattial sequence
< Bacterium A3(2013) 168 ribosomal RNA gene, partial sequence
Bacterium NTL342 165 ribosomal RNA pene, partial sequence
Pseudomonas fluorescens gene for 165 ribosomal RNA | partial sequence
% Bacterium NTL235 168 ribosomal RNA gene, partial sequence
gB.merium NTL249 165 ribosomal RNA pene, partial sequence
3 Serratia marcescens isolate SA Ant16 165 ribosomal RNA gene, partial sequence

? Bacterium NTL236 165 ribosomal RNA pene, partial sequence
< Bacterium NTL247 165 ribosomal RNA gene, pattial sequence

gPseudomom_q fluorescens strain ost3 165 ribosomal RNA pene, partial sequence

- “ Bacterium A6(2013) 163 ribosomal RNA gene, partial sequence
“ Bacterium NTL237 165 ribosomal RNA gene, partial sequence

ESerrati.'L marceseens strain J2P3 165 ribosomal RNA gene, partial sequence
2 Bacterium C4(2013) 168 ribosomal RNA pene, partial sequence

|ll.lHI1 |

Figure B.4.3.1. Phylogenetic tree construction for S. marcescens (isolate # 1)
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# Burkholderia cepacia strain ATCC25416 165 ribosomal RNA pene, partial sequence

9 Burkholderia multivorans stiain Uwe 10 168 ribosoimal RNA pene, partial sequence

4 Burkholderia sp. WAW-1 168 ribosomal RNA gene, pattial sequence

dlb-proteobacteria | 3 leaves

 Burkholderia multivorans ene for 168 (RNA, partial sequence

f Burkholderia cenocepacia HI2424 chromosome 2, complete sequence

; Burkholderia cenocepacia strain CRIDA PSB3 165 ribosomal RNA pene, partial sequence

! Burkholderia sp. A44 168 ribosomal RNA gene, partial sequence

A b-proteobacteria | 7 leaves

7 Burkholderia sp. A38 168 ribosonial RNA pene, partial sequence

# Burkholderia 5p. 2352 168 ribosomal RNA gene, partial sequence

db-proteobacteria | 2 leaves

i Burkhiolderia cepacia 165 ribosomal RNA getie, partial sequence

:Burk]mlderia sp. 0313 165 ribosomal RNA gene, partial sequence

I | beproteobacteria | 31 leaves Query sequence
Al b-proteobacteria | T leaves

| =  Burkholderia sp. 10-18 165 ribosomal RNA pene, partial se...
7 Burkhiolderia sp. IBP-VNSI30 165 tibosotmal RNA gene, p.
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9 ! Bacterium C16(2010) 16S ribosomal RNA gene, partial seq...
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{ Burkholderia cepacia gene for 168 ribosomal RNA, partial sequence, strain: 4APE
?Burk]mlderia §p. 2334 165 ribosomal RNA pene, partial sequence
§Burkholderia sp. 383 chromosome |, complete sequence
* Bacterium CZ 1525 165 ribosomal RNA gene, partial seque...

|1HHHF5 |

Figure B.4.3.2. Phylogenetic tree construction for B. cepacia (isolate # 2)

167



Appendix B.5- Growth study results of Serratia marcescens and Burkholderia
cepacia with different media (defined and enriched)

Growth studies were conducted for Serratia marcescens and Burkholderia cepacia using
different media (defined and enriched) with and without TC to understand the
role/capability of these two TC-tolerant bacteria in using TC as a carbon source.

Growth studies were conducted using SCS media (composition in appendix B)
supplemented with 1 g/L. of TC as the sole carbon source, SCS media supplemented with
1g/L of glucose as the single carbon source, and enriched media (ERM) without any TC.
All the experiments were conducted at 30°C in aerobic condition with a pH of 7.0 (except
for TSB media which is pre-made the pH of the media is 7.3) in gyratory shaker with a
speed of 160 pm. These results are supplementary to the materials provided in Chapter 3

and Appendix D.
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Figure B.5.1. Growth study result of bacteria SM and BC grown in TSB media without

TC at 30°C, pH 7. Results presented as mean of n=3 + 1 SD.
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Figure B.5.2. Growth study result of bacteria SM and BC grown in SCS media

supplemented with glucose (1 g/L) (without TC) at 30°C, pH 7. Results presented as

mean of n=3 + 1 SD.
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Appendix B.6- Data for Minimum inhibitory concentration (MIC) levels of TC for

Serratia marcescens and Burkholderia cepacia

Minimum inhibitory concentration (MIC) of TC was evaluated for Serratia marcescens
and Burkholderia cepacia using different concentrations of TC (15, 60, 250, 10000 ppm).
The results show that there was no MIC recorded for these two bacteria under any of
these TC concentration used. Both of these bacteria were highly tolerant to TC (as high

as 1000 ppm).
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Figure B.6.1. Minimum inhibitory concentration (MIC) of TC for A) B. cepacia and, B)
S. marcescens compared with control (no TC). The experiments were carried out at 30°C,

pH 7. Data presented as mean of n=3 + 1 SD.
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Appendix B.7- Growth rate data for different growth studies performed using

different media (defined and enriched) with and without TCThe following tables

show growth rate (k hr'") data from different growth studies conducted on S. marcescens

(SM) and B. cepacia (BC). These results are supplementary to the materials provided in

Chapter 3 and Appendix D. (See abbreviations table for reference)

pH study (TSB media with 75 ppm
of TC) 6

7.3 8.5
SM ‘ 0.45 0.52 0.61
BC 0.697 0.72 0.80
pH study (enriched media; ERM made
in lab with 75 ppm of TC) 6 7 8.5
SM | 0.48 0.54 025
BC 0.62 0.63 0.21
SCS media (75 ppm of TC) | 6 7 8.5
SM 0.23 0.4 0.01
BC 0.29 0.46 0.03
Details IsM  BC
TC as SNS (1g/L) | 1.11 0.88
TSB without TC 1.30 0.86
SCS with glucose 1.02 0.97
Oxygen requirement study (SCS medium; 75 ppm TC) | Microaerophilic Aerobic
SM 0.28 0.53
BC 0.29 0.68
Temperature study (TSB medium; 75 ppm TC) SM BC
4°C 0.07 0.08
24°C 0.45 0.65
30°C 0.57 0.74
37°C 0.36 0.25
42°C 0.04 0.02
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Appendix B.8. Statistical analysis details from 2-way Anova analysis and Tukey’s HSD

Table B.8.1. Statistical detailed results for SCS media with TC using B. cepacia vs.
abiotic treatment

Summary Table for p-values:

p value p value
Days b.etween betweefl with p value .for
different bacteria vs. interaction
concentrations abitoic
Day 1 <.00001 0.0004 <.00001
Day 2 <.00001 0.5325 <.00001
Day 3 <.00001 <.00001 <.00001
Day 5 <.00001 <.00001 <.00001
Day 7 <.00001 <.00001 <.00001

If the interaction was significant between factors, Tukey’s HSD test was conducted and
the analyses are presented below.

Day 1

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 3 2907 4466 869148 3904 578
Error g 1.9857 0.248 Prob>F
C. Total 11 29094323 =.00071*
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Day 2

Analysis of Variance
Sum of
Source DF Squares Mean Square  F Ratio
Model 3 49123883 163.746 B8637.166
Error 8 0.15167 0.019 Prob=F
C. Total 11 491.38050 =.0001*
Day 3
Analysis of Variance
Sum of
Source DF Squares Mean Square F Ratio
Model 3 24154037 805135 2776326
Errar a8 0.02320 0.0029 Prob>F
C. Total 11 24156357 =.0001*
Day 5
Analysis of Variance
Sum of
Source DF Squares Mean Square F Ratio
Model 3 111.88237 37.2975 1188.132
Error a 0.25113 0.0314 Prob>F
C. Total 11 11214350 =.0001*
Day 7
Analysis of Variance
Sum of
Source DF Squares Mean Square F Ratio
Model 3 66.870600 222902 2523419
Errar a8 0.007067 0.000882 Prob=F
C. Total 11  66.877667 =.00071*
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Table B.8.2. Statistical detailed results for TSB media with TC using B. cepacia vs.

abiotic treatment

Summary Table for p-values:

p value p value
Days b.etween betweep with p value for
different bacteria vs. interaction
concentrations abitoic
Day 1 <.00001 0.0012 <.00001
Day 2 <.00001 0.4545 <.00001
Day 3 <.00001 <.00001 <.00001
Day 5 <.00001 <.00001 <.00001
Day 7 <.00001 <.00001 <.00001

If the interaction was significant between factors, Tukey’s HSD test was conducted and

the analyses are presented below.

Day 1

Errar

Source
Model

C. Total

Analysis of Variance

Sum of

Squares Mean Square  F Ratio

2830.2644
1.2483
2831.5127

0943421 6045959
0156 Prob=F

=.0001*
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Day 2

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 3 31534330 105114 138.0542
Error a8 6.09120 07617 Prob>F
C. Total 11 32143450 =.0001*

Day 3
Analysis of Variance
Sum of
Source DF Squares Mean Square F Ratio
Model 3 106.89433 356314 1522169
Error a 018727 0.0234 Prob=>F
C. Total 11 107.08160 =.0001*

Day 5
Analysis of Variance
Sum of
Source DF Squares Mean Square  F Ratio
Maodel 3 106.89433 356314 1522.169
Error a8 018727 0.0234 Prob=F
. Total 11 107.08160 =.0001*

Day 7
Analysis of Variance
Sum of
Source DF Squares Mean Square  F Ratio
Maodel 3 37924633 12.6415 5834.550
Error a8 0.017333 0.0022 Prob=F
C. Total 11 37.941967 =.0001*
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Table B.8.3. Statistical detailed results for SCS media with TC using S. marcescens vs.

abiotic treatment
Summary Table for p-values:

p value p value
Days b.etween betweefl with p value .for
different bacteria vs. interaction
concentrations abitoic
Day 1 <.00001 <.00001 <.00001
Day 2 <.00001 0.0298 <.00001
Day 3 <.00001 0.0041 <.00001
Day 5 <.00001 0.0082 <.00001
Day 7 <.00001 <.00001 <.00001

If the interaction was significant between factors, Tukey’s HSD test was conducted and

the analyses are presented below.

Day 1
Analysis of Variance
Sum of
Source DF Squares Mean Square F Ratio
Model 3 32013221 106711 9097.249
Error a 09384 012 Prob=F
C. Total 11 32022605 =.0001*
Day 2
Analysis of Variance
Sum of
Source DF Squares Mean Square F Ratio
Model 3 43435109 144784 94526490
Error a8 0.12253 0.015 Prob=F
C. Total 11 43447363 =.0001*
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Day 3

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Madel 3 159.02069 53.0069 4232.088
Error a 0.10020 0.0125 Prob=F
. Total 11 15912089 =.0001*

Day 5

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 3 83.443867 27.8146 8571532
Errar 3 0.259600 0.0324 Prob=F
. Total 11 83.703467 =.0001*

Day 7

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 3  B6.870600 222902 2523419
Error a8 0.007067 0.000882 Prob=F
C. Total 11 66.877667 =.0001*
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Table B.8.4. Statistical detailed results for TSB media with TC using S. marcescens vs.

abiotic treatment

Summary Table for p-values:

Days p value p value
between between with p value for
different bacteria vs. interaction
concentrations abitoic
Day 1 <.00001 0.4282 <.00001
Day 2 <.00001 0.6868 <.00001
Day 3 <.00001 <.00001 <.00001
Day 5 <.00001 0.0002 <.00001
Day 7 <.00001 <.00001 <.00001

If the interaction was significant between factors, Tukey’s HSD test was conducted and
the analyses are presented below.

Day 1
Analysis of Variance
Sum of
Source Squares Mean Square  F Ratio
Model 3115.5035 1038.50 5899429
Error 1.3848 017 Prob>F
C. Total 3116.8883 =.0001*
Day 2

Source
Maodel
Errar

C. Total

Squares
307.05050
590247
31285297

Analysis of Variance

Sum of

Mean Square
102.350 1387219
0738 Prob=F

F Ratio

=.0001*
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Day 3

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Maodel 3 177.38543 591285 4595473
Error a 010293 0.0129 Prob=F
C. Total 11 177.48837 = 0001*

Day 5

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 3 73639358 24 5465 2602.097
Error a8 0.075467 0.0094 Prob=F
C. Total 11 73714825 =.00071*

Day 7

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 3 37924633 12.6415 5834.550
Error a 0.017333 0.0022 Prob=F
C. Total 11 37.941967 =.0001*
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APPENDIX C. Additional information for Chapter 3. Role of vetiver (Chrysopogon

zizanoides L. Nash) root-associated microbes in tetracycline degradation root-zone

Appendix C.1- Data for TC removal study using TSB media supplemented with TC.
Data for TC utilization/transformation study in TSB media supplemented with 75+5

mg/L of TC and 10+ 3 mg/L of tetracycline (TC) by S. marcescens and B. cepacia

S.marcescens and B.cepacia were evaluated for their tetracycline (TC) utilization/
transformation capability in TSB media supplemented with 75+5 mg/L of TC and 10+ 3

mg/L. These results are supplementary to the materials provided in Chapter 3.
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Figure C.1.1. TC removal from the media samples in different flasks treated by S.
marcescens (#1) and B. cepacia (#2) and abiotic flasks (control) without any treatment in
TSB media supplemented with TC (starting conc. A. 75 ppm of TC, mean (n=3) SD +1 ;
B. 10 ppm of TC, mean (n=3) SD +1. The experiments were carried out for 28 days at

30°C, pH 7 (TC was not detected in samples beyond 7 days).
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Appendix C.2 — Data for TC transformation study using TSB media supplemented

with TC.
A 9
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Figure C.2.1. TC transformation into ETC in the media in different flasks treated by S.
marcescens (#1) and B. cepacia (#2) and abiotic flasks (control) without any treatment in
TSB media supplemented with TC (starting conc. A. 75 ppm of TC; B. 10 ppm of TC).
The experiments were carried out for 28 days at 30°C, pH 7 (ETC was not detected in

samples beyond 7 days). Result presented in mean (n=3) +1 SD.
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Appendix C.3 — Data for intracellular and extracellular metabolomics study

conducted in S.marcescens and B. cepacia.

Data for an extracellular and metabolomics study conducted in B. cepacia (BC) and in
S.marcescens (SM) in presence of TC (75 £ 5 ppm) are presented below (Figures C.3.1
and C.3.2 respectively). Bacterial metabolomics was performed in an attempt to identify
the TC degradation pathway used by TC-tolerant vetiver root-associated bacteria or any
other significant pathway that is impacted during the TC degradation process. These

results are supplementary to the materials provided in Chapter 3.

The compounds that matched the known pathways in KEGG and Metaboanalyst database
were reported in Ch.3. There were multiple other compounds that were detected (but not
statistically significant based on the metabolomics analysis) during both intra and
extracellular metabolomics in both bacteria (B. cepacia and S. marcescens) during TC
metabolism and those compounds are listed below (with fold change compared to the
control, with their concentration level and if/not expressed in experimental flasks vs.

control flask with no TC)
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Table C.3.1. B. cepacia (BC) metabolites recorded in abiotic and BC treated flasks in presence of TC. Results presented as mean (n=3) =1 SD.

68l

Intracellular Analysis

ExtracellularAnalysis

Metabolites detected only in Conc. mo/L Std. Metabolites detected only in Conc. mo/L Std.
abiotic flasks - Mg Dev abiotic flasks - Mg Dev
3-Ethoxy-4-methoxyphenol 0.33 002 l-2-Benzenedicarboxylic acid, 0.16 0.01
diisooctyl ester
Octadecanoic acid, methyl ester 0.13 0.04
Hexadecane, Phenol, 2,4-bis(1,1-
2,6,10,14 tetramethyl- 0.17 0.04 dimethylethyl)- 0.58 0.03
Octacosane 0.07 0.01 Phenol,3,5-dimethoxy- 0.40 0.01
Propanedioic acid, phenyl- 0.65 0.01
Metabolites detected only in BC Conc. in Metabolites detected only in Conc. in Std.
-treated flasks mg/L BC- treated flasks mg/L Dev
1,4-Benzenediol, 2,4-bis(1,1- At 1m ,
dimethylethyl)- 0.08 0.05  1,1:3"1"-Terphenyl,5'-phenyl- 0.77 0.05
1-Phenylanthrenecarboxylic acid 0.14 0.07 Benzene, (isocyanomethyl)- 0.07 0.02
2,5-Piperazinedione, 3-methyl-6- Benzene, 1,13-bis(1,1-
(1-methylethyl)- 0.1 0.01 dimethylethyl)- 0.03 0.0
2-Coumaranone 0.03 0.01 Benzeneacetic acid 0.65 0.04
2-Ethoxy-4-methoxy phenol 0.23 0.0  Ocatdecanoic acid, methyl ester 0.08 0.01
2-Ethylprop-1-ene(1-3)sultine 0.03 0.01
4 (3H)-Pyr1m¥n1done, 3-ethyl-2,6- 0.13 0.02
dimethyl-
5,10-Diethoxy-2,3,7,8-tetrahydro-
1H,6H-dipyrrolo(1,2-a; 1",2"- 0.65 0.01

d)pyrazine
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Table C.3.1 Continued.

alpha-Amino-2,5-dichloro-5- 0.14 0.05

methyl-2-furanacetic acid

Aralionine, dibenzoyl- 0.1 0.01

Benzene, (isocyanomethyl)- 0.14 0.03

Eicosane 0.05 0.0

Eicosanoic acid 0.11 0.03

Heptadecanoic acid 0.21 0.02

Octadecanoic acid, methyl ester 0.08 0.0

Tetradecanoic acid 0.12 0.01
Metabolites detected in both Comparative Metabolites detected in both | Comparative
abiotic and BC-treated flasks fold change abiotic and BC-treated flasks fold change

2,4 (1H, 3H)-Pyrimidinedione, 13 0.1 Nothing Nothing

1,3,5-trimethyl- ' Nothing detected detected detected

7,9-Di-tert-butyl-1- 0.0

oxaspiro(4,5)deca-6,9-diene-2,8- | 0.49

dione

Benzene, (1-methyldodecyl)- 2.39 0.04

Benzene, (1-methyltridecyl)- 1.95 0.02

Dodecan,?2,6,11-trimethyl- 3.22 0.01

n-Hexadecanoic acid 0.79 0.02

Octadecanoic acid 0.8 0.04

Phenol, 3,5 -dimethoxy- 1.52 0.1

Phenol,2,4 bis (1,1- 0.48 0.04

dimethylethyl)-




Table C.3.2. S. marcescens (SM) metabolites recorded in abiotic and SM-treated flasks in presence of TC. Results presented as
mean (n=3) =1 SD.
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Intracellular Analysis

ExtracellularAnalysis

Std. Dev. Metabolites detected Conc. in Std.
Metabolites detected only in abiotic flasks | Conc. mg/L only in abiotic flasks mg/L Dev
2,4 (1H,3H)-Pyrimidinedione, 1,3,5- 112 0.06 Phenol, 2,4-bis(1,1- 173 0.05
trimethyl ' dimethylethyl)- '
3,6-Dibutyl-1,2-dihydro-1,2,4,5-tetrazine 0.71 0.01 Octadecanoic acid, 0.79 0.04

methyl ester
3-Ethoxy-4-methoxyphenol 0.33 0.04
Benzene, (icocyanomethyl)- 0.09 0.001
Cyclopentadecannone, 2-hydroxy- 0.22 0.02
Cyclotetrasiloxane, octamethyl- 0.07 0.001
Propanedioic acid, phenyl- 0.98 0.05
Metabolites detected

Metabolites detected only in SM- treated | Conc. in only in SM -treated Conc. in
flasks mg/L flasks mg/L
Phenol, 2, 2'-,methylenebis(6-1(1,1- 0.02 . 0.07
dimethylethyl)-4-e tgyl- (6-1( 0.02 Benzeneacetic acid 0.95
1,2-Benzenedicarboxylic acid, butyl 8- 0.001 1,1:3",1"-Terphenyl,5'- 0.04
methylnonyl ester 0.01 phenyl- 0.63
Benzene, (1-methyldodecyl)- 0.01 0.003 Benzeneacetic acid 1.01 0.05
Benzene, (1-methyltridecyl)- 0.01 0.001
Benzeneacetaldehyde 0.22 0.04
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Table C.3.2 Continued.

Compound detected in

Meatbolites detected in both abiotic and Comparative both abiotic and SM Comparative
SM treated flasks fold change treated flasks fold change
. . 7,9-Di-tert-butyl-1-
7,9-Di-tert-butyl-1-Toxaspirol(4,5_deca-6,9- | ) 3 0.001 oxaspiro(4,5)deca-6,9- | 1.28 0.01
diene-2,8-dione . )
diene-2,8-dione
Cyclooctasiloxane, hexadecamethyl- 0.02 0.00 Phenol, 3,5 -dimethoxy- | 0.96 0.02
Hexadecane, 2,6,10,14,tetramethyl- 0.02 0.00 Benzene', (1- 1.47 0.06
methyltridecyl)-
n-Hexadecanoic acid 0.04 0.002
Octacosane 0.04 0.001

Octadecanoic acid

0.42

0.04




C.3.1 Heat maps generated for B. cepacia and S. marcescens during intracellular
and extracellular metbolomics analysis
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Appendix C.4 — Recipes of different media used in various experiments

Composition of single carbon source (SCS), single nitrogen source (SNS) media,
enriched media (ERM) and commercial tryptic soy broth media (TSB) used in different
studies in chapter 3. Media composition modified from Dantas et al., (2008).

Table C.4.1.Composition of different media used ( to grow bacteria)

Table C.4.1. Media composition of single carbon source (Total volume 1L)
Magnesium Sulfate (MgS04SO4. 7H,0): 0.2 g/L
Calcium Chloride (CaCl,): 0.02 g/L

Monopotassium phosphate (KH,PO4): 1 g/L

Dipotassium phosphate (K;HPO,): 1 g/L
Ammonium Nitrate (NH4NO3): 1 g/L
Ferric Chloride (FeCls): 0.05 g/L

Add 1 g of tetracycline/ 1 L of media after autoclaving and mix thoroughly using

autoclaved stir bar. Adjust the pH to be 7.0.

Table C.4.2. Media for single nitrogen source (Total volume 1L)
Magnesium Sulfate (MgS04SO4. 7H,0): 0.2 g/L
Calcium Chloride (CaCl,): 0.02 g/LL

Monopotassium phos