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Houston watersheds and air ecosystems are susceptible to microbial contamination and
chemical contaminations from bordering industrial facilities. We sought to evaluate
bacterial loads in various Houston bayous, and settled indoor household dust, and isolate
pathogenic Gram-negative bacteria for characterization. Isolates included Klebsiella
aerogenes and Klebsiella pneumoniae. The specific objectives of the study are (1)
Determine bacterial loads and Pb toxicant levels in Houston area watersheds and indoor
dust samples; (2) Identify down selected bacterial isolates from environmental samples
using ribotyping 16S ribosome RNA and BIOLOG MicroStation identification; (3)
Compare environmentally and reference Klebsiella spp. for growth rate, kinetic activity,
biofilm production, oxidative stress resistance, and eukaryotic co-culture system. All 17
down-selected colony isolates (including 6 Gram-positive isolates) were identified (using
ribotyping and BLAST analysis) and included three human enteric pathogens: K.
pneumoniae, K. aerogenes, and Serratia marcescens. We characterized the Mustang Bayou
K. pneumoniae and Dickinson Bayou K. aerogenes pathogenic isolates for all downstream
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applications. To determine whether exposure to metal contaminants found in Houston
watersheds promoted adaptations in the environmental isolates, both the environmental and
reference strains were exposed to various Pb concentrations. Pb levels were elevated in
bayou water samples exceeding THH criteria of 1.15 ppb and approaching the actionable
levels of 15 parts per billion (ppb) limits on drinking water. Only the 50 ppb Pb challenge
significantly slowed bacterial growth for all four strains evaluated, while the K.
pneumoniae environmental isolate appeared less sensitive to Pb exposure than its reference
strain.
We exhibited increased resistance to antibiotic chemotherapeutics: ampicillin, gentamicin,
streptomycin, penicillin, tetracycline, and erythromycin. Interestingly, Environmental
Stains Klebsiella spp. Isolates were slightly more resistant to gentamycin, streptomycin,
and tetracycline than their reference strains. For our Biofilm formation, when comparing
our K. pneumoniae environmental isolate to the reference strain, there were significantly
higher biofilm levels produced by the ecological isolate when challenged with Pb
concentrations of 10 and 50 ppb. Determine the effects of Pb- dose-dependent exposure on
eukaryotic primary lung Beas-2B and CCD 841 gut cells. We found Pb dose-dependent
exposure elicits cytotoxic effects on epithelial lung and gut cells and induces apoptosis
measured at 3-, 6-, and 12-hours exposure periods. The cytotoxicity increased at high Pb
concentrations level and generated apoptosis effects on Beas-2B, CCD 841 were recorded
up to 80% and 60%, respectively, at 12 hours exposure time. When grown in eukaryotic
cell co-culture with Beas-2B lung cells and CCD841 gut primary cells in the presence of

3

20 ppb Pb, Conversely, the K. pneumoniae environmental isolate had a significantly higher
fold-increase over 6 hr. in a BAES 2B co-culture than its surrogate counterpart—Taken
together, the environmentally isolated Klebsiella spp. appeared to be more Pb-tolerant than
their respective reference strains, a possible environmental adaptation. Such enhanced
tolerance can promote environmental persistence and increase the possibility of causing
human disease.
Keywords: environmental isolate, eukaryotic co-culture, lung, and gut infection
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CHAPTER 1
INTRODUCTION

Houston is the fourth-largest city in the United States, with a population nearing 6 million.
Surrounding the cities are run-off watersheds and internal wastewater outflows, promoting
fecal and chemical contamination (Peterson et al., 2009). With regards to chemical
contaminants, trace metals are of particular concern. More specifically, exposure to metals
above certain thresholds can become deleterious to all living organisms, including
microorganisms (Järup 2003). Due to increased urbanization surrounding Houston, there
is a concomitant increase in impervious surfaces, intensifying the frequency of flooding
while promoting increased runoff of environmental pollutants (Bhandari et al., 2017;
Sridhar et al. 2020; Bukunmi-Omidiran and Sridhar, 2021). Anthropogenic activities have
significantly impacted Houston bayou's water quality, which eventually flows into
Galveston Bay (Jensen et al.1991). The trace metal lead (Pb) was identified as one of the
ten chemicals of primary public health concern in the world (WHO, 2019). Worldwide, Pb
exposure in 2017 accounted for 1.06 million deaths and left 24.4 million people with
disability, of which 63.2% had an intellectual disability, 15.9% had heart diseases, and
6.2% had a stroke (WHO, 2019). Pb is a cumulative toxicant, and it affects multiple body
systems such as the brain, liver, kidney, and bones, particularly among young children
(WHO, 2019). Children of preschool age and unborn fetuses are most vulnerable to Pb
exposure, contamination, and toxicity (CDC, 1992). Increased flooding events in recent
years have resulted in elevated metals in the Houston Bayou waters, among which Pb is
1

found to be significantly higher (Sridhar et al. 2020; Bukunmi-Omidiran and Sridhar,
2021). Additionally, Galveston Bay contains one of the largest concentrations of petroleum
and chemical industries. Beyond chemical contaminants, alarmingly, nearly 50% of
streams in the Houston and Galveston areas are negatively impacted by elevated indicator
bacteria levels (TCEQ 2018).

In that vein, the Houston Ship Channel is one of the most polluted water bodies in the
United States (EPA, 1980). Despite that fact, surprisingly, many greater Houston-area
bayous serve as a source of recreation for Houstonians. Therefore, the presence of
pathogenic bacteria and/or environmental toxicants in the water poses significant human
health threats (Stewart et al., 2008). To assess water safety, indicator bacteria (Escherichia
coli and coliform bacteria) are often used to suggest the presence of enteric bacterial
pathogens, like Enterococcus spp. (Franz et al. 1999; Ferguson and Signoretto 2011; Suthar
et al. 2009). Typically, indicator bacteria are used to determine water quality/safety for
recreational activities, agriculture, industrial activities, and municipal water supplies.
Previously, E. coli loaded and dissolved oxygen levels were measured over an extended
period in a Houston watershed to determine the influence of urban development on small
watersheds (Quigg et al., 2009). However, urban flooding can significantly impact the local
microbial landscape and increase the risk of waterborne infection in flooded areas. To
evaluate that, E. coli and fecal coliform levels were measured in Houston bayou water
samples over six months following Hurricane Harvey in 2017 and were compared to
historical levels. E. coli levels elevated post-flood, and antibiotic resistance gene
2

expression was upregulated, suggesting that the elevated bacterial load could be largely
antibiotic resistance (Pingfeng et al. 2018).

Additionally, Galveston Bay contains one of the largest petroleum and chemical industries
(Santschi et al., 1999). Alarmingly, nearly 50% of the Houston and Galveston area streams
are negatively impacted by elevated indicator bacteria levels (TCEQ 2018). Bacterial
contamination is another primary source of pollution to water, and indoor dust usually has
severe effects because it quickly affects human health. Water and air pollution have adverse
effects on food safety and can cause an increased risk to health and consequences cancer
in high environmental pollution city ((Liu 2010). In that vein, the Houston Ship Channel
is one of the most polluted water bodies in the United States (EPA, 1980). Despite that fact,
surprisingly, many greater Houston-area bayous serve as a source of recreation for
Houstonians. Therefore, the presence of pathogenic bacteria and/or environmental
toxicants in the water causes significant human health threats (Stewart et al., 2008).
Indicator bacteria (Escherichia coli and coliform bacteria) are often used to suggest enteric
bacterial pathogens, like Enterococcus spp. (Franz et al. 1999; Ferguson and Signoretto,
2011; Suthar et al. 2009). Typically, indicator bacteria are utilized to determine water
quality/safety for recreational activities, agriculture, industrial activities, and municipal
water supplies (Signoretto, 2011).

Toxic chemicals are increasingly entering our ecosystem with advances in technology and
various industrial practices (Weschler et al., 2009). Their effect on the environment
depends on the source, nature, and concentration of the chemicals released. Chemicals like
3

heavy metal contaminants could bioaccumulate in living organisms ( animals, plants,
microorganisms) and the human body through several processes producing harmful effects
by binding to nucleic acids and proteins and cause disrupting their cellular functions cause
mutation to lead to cancer (Järup, 2003). Heavy metal pollutions such as lead, cadmium,
mercury, chromium, arsenic, silver cadmium, mercury, lead, chromium, silver, and arsenic
in tiny quantities can cause delirious effects in the human body producing acute and chronic
toxicities. Since heavy metal toxicity can have several outcomes in the human body, it can
damage the blood constituents. It may damage the lungs, liver, kidneys, also could affect
the central nervous function leading to mental disorders (Monisha et al., 2014).

Moreover, long-term accumulation of heavy metals in the body may slow degenerative
neurological processes and physical, muscular progression, which mimic certain diseases
such as Alzheimer's and Parkinson's disease (Monisha et al., 2014). Toxicants'
environmental influence on air quality, public health, and climate depend on their source,
size, chemical nature, and concentrations (Maring 2003). Respirable dust suspended in the
alveoli comprises particles with a mean aerodynamic diameter of fewer than 5 μm (Pearson
and Sharples 1995). Some harmful chemicals in indoor dust cause concern because of the
increasingly long periods people spend indoors. Most people spend approximately 80% 95% of their time inside buildings or other structures breathing, on average, 10–14 m3 of
air per day (OSHA, 2011).

Indoor chemical contamination can be derived from various sources, including cooking,
smoking/burning candles, deteriorating building materials, cleaning products, cosmetics,
4

biocides, textiles, house furnishing, and electronic devices (Bergh et al., 2011). Indoor dust
is highly variable depending on the contaminants' sources (e.g., textiles, cigarettes debris,
and personal care products), the season, the presence of pets, ventilation, heating, and
cooling systems (Rickenbacker et al., 2020). Indoor air pollution and poor ventilation cause
serious problems, specifically for women, children, and the elderly who spend a great deal
of time indoors. It has been reported that approximately 3.8 million premature deaths are
attributed to household air pollution (WHO, 2018). Respiratory disease, stroke, heart
disease, and possibly lung cancer are among the illnesses associated with indoor air
pollution.

Moreover, air pollution and smoking likely increase the severity of COVID-19 (Kumari
and Toshniwal 2020). Southeast Texas is a region of public health concern, perpetually
low air quality, and increasing local pollution sources. Research suggests that SHD (Settled
House Dust) may be a significant source for indoor airborne pollutants; therefore, studying
indoor air quality can provide a method for appropriate remedial action (Maertens, 2008).
Any reduction in building ventilation may increase indoor pollutant levels because of
indoor emissions being trapped inside with no dilution by outdoor air. Temperature and
humidity also play a role in contaminant concentrations indoors. Building dampness
contributes significantly to indoor air pollution by producing numerous bacteria and fungi
species, particularly filamentous fungi (mold) (OSHA, 2011). Therefore, determining
bacterial load in indoor environments is essential to estimate health hazards and create
indoor air quality control standards.
5

Previously, Escherichia coli loaded and dissolved oxygen levels were measured over an
extended period in a Houston watershed to determine the influence of urban development
on small watersheds (Antonietta et al., 2009). However, urban flooding can significantly
impact the local microbial landscape and increase the risk of waterborne infection in
flooded areas. A previous study was conducted to evaluate that E. coli and fecal coliform
levels were measured in Houston bayou water samples over six months following
Hurricane Harvey (in 2017) and were compared to historical levels. E. coli levels elevated
post-flood, but antibiotic resistance gene expression was upregulated, suggesting that the
elevated bacterial load could be mostly antibiotic resistance (Pingfeng et al., 2018).

This research study consisted of sampling and analyzing dust from the vacuum and air
filters collected from various homes in the more significant Houston metropolitan areas.
The purpose was to identify chemicals and biological contaminants that contribute to low
indoor air quality. Biological Contamination of Air in Indoor Spaces Infectious agents such
as bacteria, fungi, viruses, and protozoa may cause specific illnesses in humans. Biological
agents are notorious for causing infections (invasion of an organism's body tissues by
disease-causing agents), hypersensitivity diseases (immune responses to innocuous
antigens), and toxicosis (pathological condition) (EPA, 2015).

Sources of biological contamination in indoor air may originate from outdoor air, the
human body (saprophytic bacteria), and pets (endotoxins) (Moldoveanu, 2014). The
presence of dogs and cats and poor hygienic conditions contribute significantly to
biological contamination in house dust. Also, bacterial growth can be found wherever
6

standing water is present. Humidity and temperature both contribute to bacteria growth.
It is expected that in highly humid environments, bacteria will thrive and grow more so
than it is in less humid environments (Moldoveanu, 2014). Indoor bacterial concentrations
reflect the crowdedness of the room, hygienic quality, and the efficiency of ventilation.
Measurements less than 1,000 CFU/m3 is considered "low," whereas concentrations
greater than 5,000 CFU/m3 is "high" (Moldoveanu, 2014). Settled dust is a decent
surrogate for indoor air pollution and is collected for health monitoring purposes because
it represents a direct pathway of human exposure to pollutants through inhalation of resuspended airborne particulates (Morawska, 2004) and ingestion of settled dust that has
contaminated food or by hand to mouth contact (Schripp, 2008). Our recent studies had
shown that dust exposure influenced bacterial growth, oxidative stress resistance, and
virulence potential when bacteria were grown in pure culture (Suraju et al., 2015; Bado et
al., 2017).

Also, members of the gut bacteria family, the Klebsiella genus, include two notable human
pathogens: K. pneumoniae and K. aerogenes. Klebsiella spp. produce polysaccharides
capsules; however, only K. aerogenes is motile. Whereas K. aerogenes is primarily an
opportunistic human pathogen capable of causing urinary tract infections, K. pneumoniae
is a bona fide human pathogen capable of generating a wide range of human diseases
ranging from pneumonia to bacteremia (Wang et al. 2020). Of growing concern are K.
pneumoniae strains that are Carbapenemases resistant (Ernst et al. 2020) or are hypervirulent, capable of striking otherwise healthy adults in the community (Russo and Marr
7

2019). Clinical Klebsiella pneumoniae Carbapenemases (KPC) resistant K. aerogenes (aka
Enterobacter aerogenes) have also been isolated in Brazil (Tuon et al., 2015). Further, drug
resistance concerns have prompted the monitoring of K. pneumoniae in wastewater
outflows. Extended-spectrum β-lactamase producing K. pneumoniae isolates from a
municipal wastewater treatment plant in Brno, Czech Republic, have been identified
(Dolejska et al., 2011).

Based on those concerns, this work sought to isolate and evaluate Klebsiella spp. it was
isolated from metal-polluted Houston watersheds. Further, this study also sought to 1.
determine metal contaminant levels in water samples of Houston watersheds, 2. quantify
bacterial loads in Houston watersheds (i.e., Horse pen, Mustang, Dickinson, and Cypress
Creek Bayous), 3. isolate Gram-negative enteric pathogens (including the pathogenic
Klebsiella spp.), and 4. evaluate the impact of Pb exposure on Klebsiella spp. Isolates’
growth kinetics, biofilm production, oxidative stress response, and proliferation in modeled
lung and gut environments.

8

CHAPTER 2
LITERATURE REVIEW
Indicator Bacteria and Environmental Pollution
Environmental pollution has an undesirable change effect on the biological, chemical,
or physical characteristics of air, water, and soil that may harmfully affect the natural
life cycle and create a potential health hazard to humans, animals, plants, and
microorganisms. The bacteria, plants, and animals show different sensitivity levels and
can be successfully utilized as indicators to access and predict environmental pollution
promptly. The ecological quality of water, soil, and the air are degraded progressively;
therefore, we need to improve pollution prevention by monitoring ecological quality—the
biological monitoring method used to assess our ecosystem: bacteria and viruses as
environmental indicators. Many studies have been conducted using bacteria as an
indicator of the quality of the environment by using bacteria as an indicator of household
wastewater pollution in tropical bays and reclamation water (Costán-Longares,
Montemayor, et al. 2008); (Nagvenkar and Ramaiah, 2009). While heterotrophic bacteria,
coliform, Streptococcus sp., and Pseudomonas aeruginosa were discovered as an
indicator

of

wastewater

contamination

(Legendre,

Baleux,

et

al.

1984).

Likewise, Salmonella spp. and Streptococcus sp. can be used to indicate bacterial
contamination in the tropical wastewater estuaries (Nagvenkar and Ramaiah 2008, Wéry
et al., 2008). The bacteria act as an indicator of everyday waste (human and animal feces,
household waste), heavy metal pollution; therefore, some species of bacteria have been
9

utilized as indicators in monitoring environmental quality, e.g., Coliform, Escherichia
coli, Klebsiella sp., Streptococcus sp., Pseudomonas sp., Vibrio sp., etc. (Oksfriani and
Yenny, 2014).

Additionally, Giloteaux. et al., 2011 used coliform bacteria

and Streptococcus sp. as an indicator of fecal pollution in coastal areas. Furthermore,
coliform can also be applied to coastal regions to indicate human fecal pollution in lakes,
rivers, beaches, estuaries, and the animal organisms within, e.g., fishes (Ahmed et al.,
2008; Farrapeira et al., 2010).

Klebsiella bacteria genes are a frequent cause of nosocomial infections (Sahly and
Podschun 1997); a previous study investigating Klebsiella sp. incidence in surface water;
recorded 208 samples of natural surface waters were examined. From half (53%) of these
samples, 123 Klebsiella strains were isolated, the most common species being Klebsiella
pneumoniae (Podschun et al., 2001). Public health is exposed to significant damage by
fecal pollution of recreational water sources. Total and fecal coliforms, Escherichia coli,
and enterococci are considered Fecal Indicator Bacteria (FIB). Simultaneously,
(Clostridium perfringens and bacteriophages) counts as an alternative indicator of fecal
pollution, are routinely used to evaluate the sanitary quality of recreational waters.
Though, fecal indicator bacteria and alternative indicators are found in the gastrointestinal
tract of humans and many other animals and therefore are considered general indicators
of fecal pollution (Korajkic et al., 2018). Desai. et al. 2010, mentioned in their study, the
bacterial contamination in the Houston metropolitan area (Texas) watersheds mostly exhibit
elevated E. coli concentrations; the urban watersheds had higher concentration ranges and
10

spatial variation with above-average overall at downstream monitoring stations. Due to
recurrent rainfall in the region, they are combined with relatively long travel times in the
bayous, consequences in elevated bacterial levels in the bayous. Many studies have been
conducted using bacteria as an indicator of the quality of the environment by using
bacteria as an indicator of household wastewater pollution in tropical bays and
reclamation water (Costán-Longares, Montemayor, et al., 2008); ( Nagvenkar and
Ramaiah,

2009).

While

heterotrophic

bacteria,

coliform, Streptococcus sp.,

and Pseudomonas aeruginosa were discovered as an indicator of wastewater
contamination (Legendre et al., 1984). Likewise, Salmonella spp. and Streptococcus sp.
can indicate bacterial contamination in the tropical wastewater estuaries (Nagvenkar and
Ramaiah 2008, Wéry, Lhoutellier, et al. 2008, Shajahan, Melapurakkal, et al. 2020). An
earlier study in China confirmed the effect of air contamination on the total and pathogenic
bacteria. The relative loads of the entire microorganisms were highest in the heavily and
moderately polluted air, respectively. In Addition to the pathogenic bacteria in airborne
PM samples can provide a reference for environmental and public health researchers. (Liu
et al., 2018).

Water and Indoor Air Sources of Contaminants

An escalation in polluted water over several decades presents a risk for human and
environmental health. High toxic levels in water result from accumulated pollutants which
are consequences of human activities. The intensity of contamination required to classify
a body of water as impaired depends on the water body type, location, and beneficial uses
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(Yang et al., 2008). The water in a watershed can be polluted with heavy metals from
different resources. The USEPA (2018) states that two significant sources of pollution
have been recognized as point and non-point sources. Point sources include industries,
mines, quarries, sewage treatment plants. Pollution from these points is traceable to them.
They are location-dependent pollution. Non-point sources would consist of pollution from
non-stationary sources such as vehicles, stormwater runoff, agricultural activities. It is
facilitated by rainfall or snowmelts, which washes residual toxic heavy metals such as Pb
from painting and fossil fuels, Cd from disposed of batteries, Zn from vehicle tires, and
pesticides. While bacterial contamination is another primary source of pollution to water
and usually has the worst effects, it quickly affects human health (Liu, 2010).

People spend a substantial amount of their time breathing air inside enclosed spaces in
which, due to multiple sources, there may be contaminants that deteriorate the air quality.
This is an essential risk factor for the health of the general population. The indoor air
quality of such spaces could influence human health because daily living requires
individuals to spend more than 80% of their time indoors (private homes, offices, schools,
hospitals, daycare). The environmental quality for indoor air is described as the unity of
thermal, acoustic, and luminous factors along with the air that is breathed, which should
not be a danger for proper health, and the atmosphere should be fresh. American Society
of Heating, Refrigerating, Air-conditioning Engineers labeled the Indoor air of a home or
building should not contain contaminants at concentrations higher than those that can be
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harmful to health or cause disease occupants (American Society of Heating, Refrigerating,
Air-conditioning Engineers, 2002).

The factors that affect Indoor Air quality are deficiencies in ventilation, outdoor air quality,
and indoor contaminant sources. Ventilation provides air and should be sufficient to dilute
the contaminants below human perception levels and those considered detrimental for
health. Ventilation may be inadequate due to insufficient air volume, high recirculation
levels, incorrect placement of ventilation points, a deficient circulation that leaves certain
areas without ventilation, and a lack of maintenance or inaccurate design of filtering
systems. In a study conducted out in the United States analyzing 97 buildings, it was
observed that poor maintenance of air conditioning systems was associated with increased
respiratory, eye, and skin symptoms among the occupants (Liu et al., 2021).

The biological contamination levels vary according to the climate conditions and indoor
atmosphere; bacterial endotoxins, fungi, and dust mites are considered the primary
biological contaminants (Sheehan et al., 2012). Different factors increased the biological
contamination; the accumulation of organic materials is the best nutrient for bacteria and
fungi. An inadequate ventilation system enhanced microbial growth and increased the
chance for transmission of infectious diseases (Chao et al., 2002). A previous study
confirmed that gram-negative bacteria cell membranes are produced endotoxins, such as
enterobacteria or Pseudomonas spp; they are made up of proteins, lipids, and
lipopolysaccharides

that

could

cause

an
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individual

immunological

response

(Vandenbulcke et al., 2006). Moreover, chronic exposure to those bacterial endotoxins can
trigger various symptoms, such as cough, fever, headache, throat irritation, and wheezing

(Mansouri et al. 2016).

Table 1
Summary of Sources of Metal Lead Exposure
Sources of Lead Poisoning

Reason for poisoning

Lead in water
Lead in dust

Old pumps contaminated with Pb
Interior house dust contaminated
with Pb
Mixed lead-based with soil
Old buildings before 1978
Working equipment (Radiation,
surgical tools, and dental X-ray
films
High range of Pb
Reason for poisoning

Lead in soil
Lead in paint
Lead in occupational sources

Lead in toys
Sources of Lead Poisoning
Lead in water
Lead in dust

Old pumps contaminated with Pb
Interior house dust contaminated
with Pb
Mixed lead-based with soil
Old buildings before 1978
Working equipment (Radiation,
surgical tools, and dental X-ray
films
High range of Pb

Lead in soil
Lead in paint
Lead in occupational sources

Lead in toys
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Table 2
Airborne and Contaminants and Their Most Common Sources

Airborne Type

Source of Emission

Contaminant

Outdoors

Industrial production

SO2, NO2, NO, ozone, particles,
SO2, NO2, NO, ozone, particles,

Motor vehicles

CO, NO2, NO, lead

Ground

Radon

Building materials
Stone, cement
Wood products
Insulation
Fireproofing
Paint

Radon
Formaldehyde, VOC
Formaldehyde, fiberglass
Asbestos
VOC, lead I

Indoors

Installations and
furnishings
Heating system, oven/stove
Photocopier
Ventilation system
Occupants
Metabolic activity
Biological activity
Human activity
Smoking
Room deodorizers
Cleaning products
Leisure/artistic activities

CO, CO2, NO2, NO, VOC,
particles
Ozone
Microorganisms
CO2, water vapor
Microorganisms
CO, Particles. . .
Fluorocarbons, scent
VOC, scents
VOC, scents

CO, carbon monoxide; CO2, carbon dioxide; VOC, volatile organic compounds; NO,
nitrogen monoxide; NO2, nitrogen dioxide.
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Metal Lead (Pb)

Lead is a marginally bluish bright silvery metal in a dry environment. It is also one of the
non-essential heavy metals commonly considered an environmental pollutant that retains
severe health hazards (Watson et al., 2005). Moreover, heavy metal lead has the superior
capability to induce a broad spectrum of toxic effects (Satcher, 2000). It is well known that
most urban soils are polluted with Pb ( Datko et al., 2014). The primary sources of lead
exposure include drinking water, food, cigarette, and industrial processes (including
gasoline, house paint, plumbing pipes, lead bullets, storage batteries, pewter pitchers, and
toys (Thürmer et al. 2002). Pb is released into the atmosphere from industrial processes as
well as from vehicle exhausts. Therefore, it may get into the soil and flow into water bodies
which plants can take up, and hence human exposure to heavy metal Pb may also be
through food or drinking water (Ab Latif et al., 2015). Researchers recorded that the central
tendency of lead concentrations in metropolitan soils ranges from about 100 to 1,000
mg/kg, which is higher than the environmental permitted value (Szolnoki et al.,
2013; Mitchell et al., 2014). Furthermore, Pb exposure can cause health effects at a
comparatively low level (2 μg/dl) (Gilbert and Weiss 2006).
Mechanism of Heavy Metal toxicity in Humans and Microorganisms
Several heavy metals are naturally present in our environment, present in our atmosphere,
lithosphere; found in the earth's crust during mining activities, and some developed for
various industrial and economic purposes (Keshav,2016). Including these heavy metals, a
few have a direct or indirect impact on the human body, such as copper, cobalt, iron, nickel,
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magnesium, molybdenum, chromium, selenium, manganese, and zinc have functional roles
essential for various physiological and biochemical activities in the body. However, some
of these heavy metals in high doses can be harmful to the body. In contrast, others such as
lead, cadmium, mercury, chromium, silver, and arsenic in precise quantities have delirious
effects on the body, causing acute and chronic toxicities in humans (Engwa et al., 2019).
The main two mechanisms of lead toxicity, first lead-induced carcinogenic process
mechanism is hypothesized to induce DNA damage, disrupt the DNA repair system, and
cellular tumor regulatory genes through ROS generation (Silbergeld et al., 2000). Several
studies have supported evidence that ROS generation by lead is critical in altering
chromosomal structure and sequence; heavy metal Pb can interrupt transcription processes
by replacing zinc in specific regulatory proteins (Silbergeld et al. 2000, Hu et al. 2021).
Second, lead-induced neurotoxicity is targeted towards the brain's memory and learning
processes and mediated through three activities. First, Pb can impair the brain's learning
ability and memory by inhibiting the N-methyl-d-aspartate receptor (NMDAR) and block
neurotransmission. Lastly, stop the neuronal voltage-gated calcium (Ca2+) channels,
which have been associated with developing neurological diseases (Konur and Ghosh
2005, Ackermann et al. 2015).
The Toxicity caused by lead is called Pb poisoning. Lead poisoning is mainly associated
with the gastrointestinal tract and central nervous system in children and adults (Markowitz
2000). It can be either acute or chronic, depending on the exposure period and the dose
(Badr and El-Habit 2018). Also, lead exposure can disturb the intracellular second
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messenger systems and change the central nervous system's functioning. Developing
fetuses and children are most susceptible to neurotoxic impacts due to Pb exposure. Several
epidemiological studies in children less than five years of age have shown that low-level
lead exposure (5–25 μg/dL in the blood) resulted in the impairment of intellectual growth
manifested by the loss of intelligence quotient points (Brown and Margolis 2012). As such,
the Centers for Disease Control (CDC) in the United States has lowered the allowable
amount of lead in children's blood from 25 to 10 μg/dL and suggested universal screening
of blood lead for all children (CDC, 2012). A recent study illustrated the lead toxicity on
gut microbiota. Pb can damage the gut barrier and increase gut permeability, which can
induce multiple systematic lesions. By the entrance, the enterohepatic circulation easily,
by inflammatory cytokines, immunologic factors, and microbial metabolites such as bile
acids (B.A.) and short-chain fatty acids (SCFAs) (Hu et al. 2021). Several studies reported
that Pb has the capacity of reducing oxidative stress (Jomova, 2011; Huang et al., 2019),
immune response (Gao et al., 2007), inflammation (Metryka et al., 2018), and essential
metal dyshomeostasis (Liu et al., 2014). In a recent study, the metal was discovered to
function as an endocrine disruptor (Hu et al., 2017). Shao and Zhu (2020) also
implemented 16S rRNA sequencing to examine the gut microbiota of residents surrounding
a mining and smelting area. The microbial variety and composition profile was changed
due to long-term exposure to several metals, including Pb (Shao and Zhu, 2020).
The toxicity of heavy metals on microorganisms is presented in various ways, namely, the
presence of chelating agents, pH meter, speciation, and organic matter (Duxbury, 1986;
Nwuche & Ugoji, 2008; Sterritt & Lester, 1980). Heavy metals display toxic effects on
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soil biota by influencing key bacterial behaviors and reduce the number a. Even a low
concentration of heavy metals may inhibit the physiological metabolism of the plant and
accelerate the production of reactive oxygen species (ROS) (Singh and Kalamdhad 2011).
Gram-negative bacteria strains such as E. coli AB1157, E. coli JM105 can act in response
to heavy metals like Pb exposure through the up-regulation of stress-specific genes;
genetically capable of reversing the effects of toxic heavy metals (Chudobova et al., 2015;
Mindlin et al., 2001; Silver & Misra, 1988; Trajanovska et al., 1997).
Toxicological Effect of Lead
The primary toxicity could be Pb exposure to the entire human body cause neurologic
toxicity and the imbalance in the neurophysiological function. Such exposures cause two
significant symptoms; they are psychiatric disorders and neurocognitive signs. It primarily
impacts the CNS, usually the developing brain, and affects almost every organ system.
Consequently, children endure more from neurotoxic effects than adults. They are at a
greater risk of lead toxicity (Rehman et al., 2018). Furthermore, metal Pb easily crosses
over the endothelial cells at the BBB, which shows a considerable role in brain fitness and
is frequently compromised in disease.
For this reason, the blood Pb Lead concentration of children >10 μg/dL represents a higher
risk for toxicity (Brunton, 2014). The second toxicity is hematologic toxicity which causes
anemia in adolescent and iron-deficient children and has more likelihood of obtaining leadinduced clinical anemia. Finally, a high-level amount of Pb exposure in the human body
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causes hemolytic anemia. Blocking Lead triggers anemia by preventing ferrochelatase
activity, aminolaevulinic acid synthetase, and ALAD (Kim et al., 2015).
Heavy Metal and Pollution Increased Antibiotic Resistance
In recent years, conservatively, the struggle against antibiotic resistance development has
primarily occurred in clinical and environmental settings. Heavy metal pollution has a
massive potential to cause the spread of pollution with heavy metals and result in the spread
of antimicrobial resistance (AMR) (Baker-Austin et al., 2006). Understanding the effects
of metal contamination on antibiotic resistance by using different approaches, including
bacteria sensitivity to metal pollution, is mediated by developing various resistance
mechanisms, including chromosomal mutations, or by the uptake of resistance genes
(Giller et al., 1998; Bruins et al., 2000). Heavy metals and antimicrobials may apply
additional pressure on bacteria, resulting in the accumulation of heavy metal resistance
genes in plasmids transmitted to other bacteria within the environment. The presence of
antibiotic-resistant bacteria in the natural environment increases because plasmid-encoded
genes confer antibiotic resistance are becoming more dominant in gram-negative bacteria.
Yamina et al., 2012, were isolated and screened 13 different heavy metal and antibioticresistant bacteria from the wastewater of Wadi El Harrach in the east of Algiers. The heavy
metal consists of lead-, chromium- zinc-, and cadmium-resistant bacteria; the metalresistant isolates were Gram-negative (77%) and Gram-positive (23%) bacteria (Yamina,
Tahar, et al. 2012). Pathogenic Klebsiella pneumoniae can cause respiratory and urinary
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tract infections, and the presence of resistance genes may make the treatment plan
extremely challenging.
Biofilm Formation and Structure
Biofilms are microbial populations attached to surfaces. The original bacterial cells in
biofilms are implanted in an extracellular matrix consisting of exopolysaccharides, and
they represent the main form of microbial life (Karatan and Watnick 2009). Biofilms can
build on almost every natural and human-made surface. Biofilms are also ubiquitous in
both standard and pathogenic human processes. Biofilm formation has been exhibited for
several pathogens and is one of the main strategies for bacterial survival in various human
bodies (Dufour et al., 2010).
Furthermore, a biofilm lifestyle encourages bacteria to survive and persist within the
environment. The development of a microbial biofilm can be described as a dynamic
process involving successive steps (Fig. 1). In industry, biofilms cause drinking water and
food contamination, metal surface corrosion, and clogging (Wong 1998, Lewandowski and
Beyenal 2009). Due to water contamination with pathogens, biofilms perform a severe
hazard to the drinking supply. In the petrochemical industry, biofilms decrease the
efficiency of equipment such as oil pipelines and platforms. Extracellular Polymeric
Substances Biofilms are composed primarily of microbial cells and EPS. EPS may account
for 50% to 90% of the total organic carbon of biofilms and can be considered the primary
matrix material of the biofilm. Bacterial cell attachment to the selected biotic or abiotic
surfaces considers the first step to forming the initial attachment. Thus Bacteria habitually
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adhere to a conditioning film usually comprised of organic molecules (e.g., salivary
proteins, nutrients, large macromolecules) that can accelerate the adherence of bacteria to
the surface (Donlan, 2002).
The second step relates to developing a monolayer of the specific bacteria and attached
irreversibly. At the third stage, the micro-colonies create in the primary colonization
covering by a matrix. The micro-colonies gradually expand and combine to form the first
layer of cells covering the surface. When multiple layers of cells pile up on the surface, the
fourth step of the formation is obtained, indicated by the presence of a mature biofilm
characterized by macro-colonies encircled by water channels that help circulate nutrients
signaling molecules. Overall, biofilm distribution happens in response to environmental
alterations and relies on growing circumstances (O'Toole, Kaplan, et al., 2000). Biofilm
matrix composed about 80–85% by volume of Extracellular polymeric substances (EPS),
and only 15–20% of cells (Flemming and Wingender 2010). ESP is one of the most critical
biofilm components, triggering biofilm to form a cohesive three-dimensional framework
(Sutherland 2001). It plays a significant role in preserving the integrity of the biofilm.
Because the EPS is also highly hydrated, it can prevent dehydration in some natural
biofilms. The EPS can also act as a diffusion barrier, preventing toxic substances such as
antibiotics and disinfectants from achieving their target (Donlan 2002, Flemming and
Wingender 2010).
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Figure 1
Schematic representation of a biofilm formation and the distinct steps in microbial
biofilm development. The different stages in biofilm formation include an initial
attachment to the surface, construction of a monolayer, breaking the surface with the
building of micro-colonies, biofilm maturation with the development of a threedimensional structure, and bacteria cell detachment to start a new cycle.

Biofilm and Multi-antimicrobial Tolerance
A significant feature of bacterial biofilms is their high-level drug resistance. Bacterial
biofilms have been demonstrated to have a 100- to 1,000- fold increased tolerance toward
antibiotics compared to their free-swimming counterparts. Even Though antibiotics may
reduce the number of bacteria within biofilms, antimicrobial treatment does not eliminate
the pathogen, leading to refractory/relapsing infections (Govan and Deretic 1996);
moreover, it could be due to the role of biofilms in phenotypic drugs (Chakraborty et al.
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2021). Several antibiotics were intensively used globally to control bacterial infectious
diseases, but the drug resistance patterns had been developed within the pathogenic
populations on using these antibiotics. Therefore, the production of alternatives to the
ordinarily used antibiotics obtained significant importance in many countries. Thus, MultiDrug Resistance is a phenotype increasingly associated with many pathogens.
The tolerance of bacterial biofilms to antibiotics depends on the bacterial species, although
multiple factors promote increased tolerance. This renowned tenacity of biofilms may be
due to a diffusion barrier imparted by the EPS matrix, the physiological state of biofilmgrowing cells, the induction of specific resistance mechanisms, and the development of
dormant persisted cells (Fig. 2). Thus, it is critical to understand the mechanisms that
promote tolerance to antimicrobials to develop innovative approaches to treat biofilm
infection. Bacterial defense mechanism against the antimicrobial agent and to ensure
persistent infections, to form a biofilm. The level of bacterial growth and activity occurring
inside biofilms has been confirmed using various concentrations of metabolic substrates
(Singh et al., 2017). Although, a decrease in oxygen availability enhances antibiotic
resistance [Figure 2 (1)] (Tresse and Junter 1995; Walters et al., 2003). The
Exopolysaccharide Matrix (EPM) plays a critical role in antibiotic resistance, biofilm
formation, and immune evasion [Figure 2 (2)] (van Tilburg Bernardes, Charron-Mazenod,
et al. 2017). The appearance of eDNA (extracellular DNA) in the matrix of multicellular
structures has recently been reported to affect the initial attachment and/or biofilm structure
[Figure 2(3)] (Whitchurch et al., 2002). The glycocalyx matrix, an essential part of the
biofilm (Costerton 1988), can impact adhesion and cohesion abilities toward a solid surface
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(Pena, Bargar, and Sposito 2011). The glycocalyx structure is flexible and regulated by
biofilm growth, allowing pathogenic bacteria to survive in highly adverse host
environments (Anwar and Costerton 1990). Bacterial resistance to antibiotics is endorsed
by the glycocalyx matrix [Figure 2(10)] (Sugano et al., 2016). The alteration of a
bactericide to its nontoxic form is facilitated by enzymes that provide resistance to the
biofilm [Figure 2(5)] (Singh et al. 2017). The efflux system promotes bacterial existence
under severe conditions, including in the presence of antimicrobial agents; the efflux
pumps apply both intrinsic and acquired resistance to different antibacterial agents that
belong to the same or different families (Hogan and Kolter 2002; Liaw, Lee and Hsueh
2010). A multidrug efflux pump (MDR) occurs during the overproduction of the efflux
pump [Figure 2(6)] (Davin-Regli et al., 2008). Bacterial biofilms include resistant persisted
cells that exhibit MDR and tolerance to various bactericidal agents [Figure 2(8)] (Lewis
2005). Antibiotic resistance and MDR can show in late-growing gram-positive or gramnegative bacteria s (Shockman et al., 1996). The Kirby–Bauer disk-diffusion test was
recently applied to late-growing bacteria to detect bacterial resistance (Gefen et al., 2017).
Most bacteria are fermentative and produce oxidant-degrading and repair enzymes that
promote oxidative stress responses and cellular-stress resistance [Figure 2(9)] (Lee et al.,
2009). Quorum Sensing includes the production and secretion of an AHL (N-acylhomoserine lactone) (Newton and Fray 2004), as well as biofilm maturation (Abee et al.
2011). In the biofilm matrix, the alteration of gene-expression levels can cause resistance
to biocides [Figure 2(7)] (Lee et al., 2009).
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Figure 2
Schematic of the effective antibiotic-resistance mechanisms in bacterial biofilms.
Biofilm cells (yellow color) are implanted in a mushroom-shaped matrix (shown in blue).
The resistance mechanism depends on the following factors (Hall and Mah 2017): (1)
Low nutrient and oxygen availabilities in the biofilm center. (2) The EPS matrix. (3)
Extracellular DNA. (4) Limited diffusion of an antibiotic through the biofilm matrix. (5)
Enzyme-mediated resistance. (6) Multidrug efflux pumps. (7) Intracellular interactions
(QS and gene transfer). (8) Persisted cells. (9) Stress responses, such as oxidative-stress
responses and stringent responses. (10) Regulation of the glycocalyx matrix by biofilm
growth, supporting the survival of pathogenic bacteria with antibiotic resistance.
Adapted from (Ashrafudoulla, Mizan, et al. 2020).

Taxonomy of the Genus Klebsiella
Enterobacteriaceae

family

by

1960

was

divided

into

three

genera: Escherichia, Enterobacter, and Klebsiella (Davin-Regli et al., 2015). Newly,
whole-genome sequence (WGS)-based matching bacterial phylogenetics demonstrated
that Enterobacter aerogenes are more closely related to Klebsiella pneumoniae than
the Enterobacter species (Chavda et al., 2016). Therefore, the bacteria formerly known
26

as Enterobacter aerogenes was renamed Klebsiella aerogenes. Both strains described as a
gram-negative rod shape 0.3–1.0 μm in diameter and 0.6–6.0 μm in length, encapsulated,
non-spore-forming, a nonmotile bacterium that inhabits the environment, including in
surface waters and soil, and on medical tools (Ewing 1986). As the taxonomy expand, a
numerical grouping has been used, and the three main classifications emerged, Cowan,
Bascomb, and Ørskov. In early on the 1980s, Klebsiella isolates from the environment,
which had formerly been classified as "Klebsiella-like organisms" (groups J, K, L, and M),
were gradually being classiﬁed into temporary taxa (Podschun and Ullmann 1998).
Critically, K. pneumoniae strains inhibit human mucosal surfaces, including the
gastrointestinal (GI) tract and oropharynx, and can achieve entry to other tissues and cause
severe infections in humans (Abbot, 2003).
To understand the ability of Klebsiella species to cause disease "pathogenicity," we have
to understand the "virulence," which is the measurement of the degree of pathogenicity of
any bacterial species. There are four major groups of virulence factors that have been well
illustrated in Klebsiella spp. (Fig.3). These virulence factors consist of the capsule,
including the production of the hyper capsule in HV strains; lipopolysaccharide (LPS);
siderophores; and ﬁmbriae, also known as pili. The essential virulent factors of Klebsiella
species the presence of capsular material forms thick bundles of ﬁbrillous structures
covering the bacterial surface in massive layers we called "capsular antigen"; consisting of
four to six sugars and, very often, uronic acids (as negatively charged components) (Brisse,
Passet, et al. 2013). A total of 79 capsular types have been described in Klebsiella spp.,
whereas capsular polysaccharide synthesis (cps) regions were available in only 22
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serotypes (Pan et al., 2015). Different capsules have been defined for Klebsiella species
virulence: First, the capsular antigen prevents phagocytosis and opsonophagocytic of the
bacteria by immune cells. Second, it impedes the bactericidal action of antimicrobial
peptides such as human beta-defensins 1 to 3 and lactoferrin by binding these molecules
distal from the outer membrane. Third, It blocks complement components, such as C3,
from interacting with the membrane, thus preventing complement-mediated lysis and
opsonization. Therefore, It averts the immune response's fulminant activation, as measured
by decreased reactive oxygen species(ROS), IL-8, IL-6, and TNF production, by assisting
in activating a NOD-dependent pathway shielding LPS from recognition by immune cell
receptors (Paczosa and Mecsas 2016).
Lipopolysaccharide (LPS), also known as endotoxin, is a significant and essential
component of the outer cell membrane of all Gram-negative bacteria). Though there is
considerable variation in LPS structures among bacterial species, it is typically comprised
of an O antigen, a core oligosaccharide, and lipid, which have been documented for
Klebsiella species 9 different O-antigen types (Hansen et al., 1999). LPS protected against
the host immune defense and enhanced the infection and control spread to other tissues
inside the body, such as a signaling protein downstream of toll-like receptor (TLR4), are
more susceptible to K. pneumoniae pneumonia and systemic spread (Branger et al. i.,
2004).
Moreover, pathogenic Klebsiella species exhibit serum resistance (serum bactericidal)
strategy in response to host defense, the bactericidal effect of human serum (Olling, 1977).
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Siderophores

are

small,

high-affinity

iron-chelating

compounds

secreted

by

microorganisms. in Klebsiella species, iron is a limited supply required and must be
acquired from the environment to thrive during infection. Iron is an essential factor in
microbial growth, operating mainly as a redox catalyst in proteins contributing to oxygen
and electron transport processes. Several siderophores are expressed in Klebsiella spp.,
including Enterobacter, Yersiniabactin, aerobactin, and Salmochelin, especially in
Klebsiella pneumoniae strain, thus explains effective colonization of different tissues
and/or avoiding neutralization of one siderophore by the host (Miethke & Marahiel,2007;
Bachman et al., 2012).
The fourth virulence factor of Klebsiella species is the adhesive structures called Pilli
(Fimbriae), which is non-ﬂagellar, ﬁlamentous projections on the bacterial surface. It is
considered a crucial ﬁrst step in the infectious process; by attaching to the host cell
(adherence). Type 1 and 3 ﬁmbriae are the essential adhesive structures that have been
characterized as pathogenicity factors (Fig 3) (Favre-Bonte, 1995).
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Figure 3
Characterized virulence factors Klebsiella spp. There are four well-characterized
virulence

factors

for

pathogenic

K.

pneumoniae:

capsule,

LPS,

ﬁmbriae

(type1andtype3), and siderophores. It is modified from (Paczosa and Mecsas 2016).
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CHAPTER 3
DESIGN OF THE STUDY
MATERIALS

Watersheds Sampling
A total of 63 water samples were collected (triplicate samples at each site) during the
Summer (Jul 30 – August 3ed) and Fall (Nov 27 – Dec 5) seasons of 2018. With a
temperature range of 80-90 F, ° 52-56 F°, respectively. From Cypress Creek, Horse pen,
Mustang, and Dickenson Bayous (Fig. 4). Each sampling location's longitude and latitude
were recorded using a handheld Global Positioning System (GPS) receiver (Table 3).
Samples were collected into 1000 mL sterile plastic bottles using a dipper. After the
samples were collected, they were stored at 4°C for downstream bacterial and chemical
analysis.

Table 3
Houston Bayous longitude and latitude of each sampling location were recorded using
a handheld Global Positioning System (GPS) receiver
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Bayous

Location from Mouth

Latitude

Longitude

HPB9.9 km

29.58437

-95.1549

29.57992

-95.1011

29.56733

-95.071

29.4533300

-95.0671810

29.4566400

-95.0446760

29.4602650

-94.9750700

29.5355350
29.5269680

-95.4551770

Horse pen Bayou
HPB3.1 km
HB0.1 km
DKB12 km
Dickinson Bayou

DKB9.4 km
DKB0.1 km
MB56 km

Mustang Bayou
MB48.8 km

-95.3996490
MB20.6 km
CC49.2 km
Cypress Creek

29.4102400

-95.2342140

29.9529780

-95.6495940

30.0057850

-95.5195330

29.9594110

-95.7182600

CC28.5 km
CC58.1 km

Airborne Samples
Our study was conducted in Houston and its surrounding areas within rural and urban areas
with low to high industrial activities. Vacuum cleaner dust and air condition filters were
collected from 86 single- or multi-family dwellings with air cooling systems and adequate
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ventilation. Samples were identified and classified by the number of pets, type of flooring,
type of cooling/heating systems, smoking or nonsmoking, and vacuuming frequency. The
bacterial load of samples was quantified using the following formula: bacterial load
(CFU/gm) = (no. of colonies x dilution factor) / volume of the culture plate. Sampling
locations were geocoded by entering home addresses into the ArcGIS 10.3 software and
applying address geocoding techniques. Sampling points can quickly show whether the
measured value exceeds regulatory standards, and health hazards can subsequently be
calculated. Our study used IDW as an optimal interpolation method, which computes an
average value for unsampled locations using values from nearby weighted areas.
Microbiological Media and Bacteria Enumeration
Nutrient conditions were modeled using broad-based medium and selective and differential
medium respectively with Luria Bertani agar (BD Difco™ Dehydrated Culture Media: LB
Agar, Lennox) and MacConkey agar (Difco®). Nutrient Agar plates were prepared using
35g of Luria Bertani medium (L.B.) in 1L of distilled water; the solution was then
autoclaved using Ward's science 16L autoclave at 121 °C for 30 minutes. It is allowed to
cool and then poured into fisher brand Petri dishes to solidify and then inverted after 1hr
to allow plates to dry at room temperature. McConkey agar medium was prepared using
50g of dehydrated agar in 1L of distilled water, then autoclaved at 121 °C for 30 minutes
to sterilize. Bacteria enumeration was performed by measuring Colony Forming Unit
(CFU/ml or CFU/gm) = (no. of colonies x dilution factor) / volume of the culture plate for
each water indoor dust sample, respectively.
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Culture Media
LB (Luria Bertani medium broth)
For all experiments with the bacteria, unless otherwise stated, Luria Bertani medium broth.
(L.B.) medium (Sigma-Aldrich) was used to grow bacterial strains with agitation (250 rpm)
at 37 ̊ C. Luria Bertani Agar was selected as all the bacteria being used were able to grow
in. The components of the medium are listed as followed: calf brain 12.5g/L, disodium
hydrogen phosphate 2.5g/L, D (+) glucose 2g/L, peptone 10g/L, sodium chloride 5g/L. The
final pH was 7.4±0.2 at 25ºC.
MacConkey agar
MacConkey agar is a selective and differential medium for selectively isolate Gramnegative and enteric bacilli and differentiate them based on their ability to ferment lactose.
The Gram-positive bacteria inhibiting agents are crystal violet and bile salts, promoting the
growth of gram-negative bacteria. MacConkey medium contains bile salts 5.0g/L, lactose
10.0g/L, neutral red 0.075 g/L, peptone 20.0g/L, sodium chloride 5.0g/L. The final pH is
7.4±0.2 at 25ºC.
Bacteriological Staging Kit
I.

Gram Staining

To differentiate between gram-positive from gram-negative isolated microorganisms. A
Gram Staining Kit purchased from Thermo Scientific™ (Remel Gram Stain Kit R40080)
procedure done as described by (Gephardt et al., 1981). Overflowed air-dried heat-fixed
bacteria smear for 1 minute with crystal violet staining reagent; then Wash slide in a gentle
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and indirect stream of tap water for 2 seconds—flooded slide with the mordant: Gram's
iodine. Following 1 min wait; wash the slide in a gentle and indirect stream of tap water
for 2 seconds—flood slide with a decolorizing agent. Wait 15 seconds or add drop by drop
to slide until decolorizing agent running from the slide runs flood slide with a counterstain,
safranin. Wait 30 seconds to 1 min and wash up the slide in a gentile and indirect stream
of tap water until no color appears in the effluent and then blot dry with absorbent paper.
Observe the staining procedure's results under oil immersion using a Brightfield
microscope. After the Gram Stain, gram-negative bacteria will stain pink/red, and grampositive bacteria will dye blue/purple.
II.

Capsule Staining

Anthony's capsule stain method was performed to visualize the capsules in the
environmentally isolated Klebsiella species in our study. Prepared a smear from a 12- to
18-hour pure bacterial culture, allowed the spot to air dry. A primary stain Crystal violet
1% for 2 minutes used to interacting with the protein material in the culture broth or added
during the staining, and 20% of copper sulfate serves as the mordant.

Bacterial Strains and Culture Conditions
For all studies, Heavy metal lead (II) Nitrate purchased from (Carolina Biological,
Burlington, NC, USA) was used at concentrations of ( 0.5, 1, 5, 10, and 50 ) μg/mL in
SDW. Surrogate strains Klebsiella pneumoniae (Carolina Biological, Burlington, NC,
USA—155095A), Klebsiella auerogens (Carolina Biological, Burlington, NC, USA—
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155030A) were purchased. And four enteric environmental isolates were used in our
experiments (Klebsiella pneumoniae and Klebsiella aerogenes). For all experiments, L.B
(Luria-Bertani) medium (Sigma-Aldrich) was used to grow bacterial strains with agitation
(250 rpm) at 37 °C. All absorbance readings were taken using a BioTek™ ELx800™
microplate reader at 600 nm.
Bacterial Growth Curve
To measuring the amount of the bacteria in a culture as a function of time, a growth curve
can be obtained, by growing bacteria in a liquid culture under optimal conditions produces
a growth curve with a characteristic shape that can be divided into various phases. Stock
solutions of lead were made at 1g/L in Milli-Q (deionized) distal water. The test solution
concentration of 10mg/L was prepared through fresh dilution of the stock solution.
Environmental type K. pneumonia and K. aerogenes, isolated from the water and indoor
samples, were used for this study. For all experiments, Luria-Bertani (L.B.) medium
(Sigma-Aldrich) was used to grow bacterial strains with agitation (250 rpm) at 37 ̊ C. All
absorbance readings were taken using a BioTek™ Elx™800 microplate reader at optical
density (O.D.) 600nm. For liquid growth assays, DSDW suspended Pb was L.B. broth at
different concentrations (1, 10, and 50,) μg/mL. Saturated cultures of K. pneumoniae, K
aerogenes, were diluted to an optical density (600 nm) of 0.2 in a 96-well plate (final
volume: 200μL/well). For control wells, only SDW was added to each well. Growth curves
were monitored every 30 min for 8 hr. All growth experiments were conducted in triplicate.
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All absorbance readings were taken using a BioTek™ Elx™800 microplate reader at 600
nm. Bacterial growth in response to trace metal Pb dose-dependent.
BIOLOG MicroStation
To confirmed Bacterial identification at species level based on the biochemical
characterization performed using BIOLOG GEN III microplate (BIOLOG, Hayward, CA,
USA). The micro-plate was incubated at 30 °C or 35 °C depending upon the organism's
nature for 24 hours or more according to the manufacturer's specification. In brief, the
procedure is growing pure culture of the bacterium on a broad-based medium (L.B.) agar
plate. A single colony of bacteria from the new culture was swabbed with a sterile
applicator from the L.B. agar plate's surface and suspended in inoculating fluid (IF-A GEN
III Cat #:72401) to a specified density. 100 microliters of the bacterial suspension were
pipetted into each well of the micro-plate. The micro-plate was then incubated at the
appropriate temperature that suits the nature of the organism for a minimum of 24 hours.
The microplate was then read with the BIOLOG Micro Station TM system and compared
to the database for organism species detection.

Heavy Metal Contaminant Measurements

Concentrations of heavy metal elements in water and dust samples were estimated using
inductively coupled plasma mass spectrometry (ICP-MS). Following nitric acid (HNO3)
10 ml treatment, samples were placed into Mars 6 microwave vessels and digested using
the EPA 3015a method for water (Dirk et al. 1999). Digested water and dust samples were
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then transferred to 50 ml centrifuge tubes for an additional 24 hr. to allow for further
digestion and settling of solids. 0.2μl of supernatant was diluted in water and analyzed by
ICP-MS following calibrations with appropriate standards. Water samples were
statistically analyzed using MINITAB statistical software (MINITAB Inc., State College,
PA, USA).

Bacterial Enumeration and Colony Isolation

The broad-based Luria Bertani (L.B.) agar (BD Difco™) medium was used to culture total
bacteria. In contrast, the differential and selective MacConkey agar (Difco®) medium was
used to cultivate Gram-negative enteric bacteria. Bacterial enumeration was carried out, in
triplicate, via serial 10-fold serial dilutions followed by plate counts. Seventeen colonies
were down-selected (based upon phenotypic characteristics) from each of the four bayous
evaluated. In contrast, for dust samples, a total of 18 colonies were isolated from a different
country within Houston city, and 20 selected colonies from indoor dust samples to generate
single colony isolates for characterization and identification.

PCR Amplification and Agarose Gel Electrophoresis
Colony PCR reactions were set up as described in our previously published study
(Rosenzweig et al., 2011). In short, 25 μl reaction volumes were prepared using a 2x
concentrated Taq master mix (New England Biolabs cat #: M0270L). A single isolated
colony of the cultured bacteria was used as a template. Universal 27F forward
(AGAGTTTGATCCTGGCTCAG)

and
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1387R

reverse

primers

(GGGCGGGTGTACAAGGC) (Ferris, Norori, et al. 2007), annealing to a conserved DNA
region encoding part of the 16S ribosome, was employed. Reactions were carried out on
the Bio-Rad T100 thermal cycler for 35 cycles. PCR amplicons of 1360 nucleotides were
confirmed on a 0.7% agarose gel containing SYBR safe (Invitrogen; cat#S3310).
Ribotyping/16S rRNA sequencing
Ribotyping employed Sanger sequencing conducted by Lone Star Labs Inc. (Houston,
Texas). Forward (27F) primer (AGAGTTTGATCCTGGCTCAG) was diluted to 5 pmol
and added to 5 μl of our PCR Reaction sample. Measure final concentration with Quat-iT
PicoGreen dsDNA Assay kit and A260/A280 ratio. For the best result, the rate should be
between 1.8–2.0. Measure library (sample) size by Agilent 2100 Bioanalyzer (Agilent
Technologies) using Agilent DNA 7500 kit. For optimizing cluster densities, quantify the
libraries using a fluorometric quantification method that uses dsDNA binding dyes.
Remove the iSeq100 cartridge from -25°C to -15°C storage and thaw the bagged cartridge
with method Room-temperature air (20°C to 25°C) and melt time 9 hours, not exceeding
18 hours. Dilute concentrated final library using Resuspension Buffer (RSB) to 1nM and
dilute to final loading concentration (Amplicon: 50 pM, Genome: 200 pM). Dilute PhiX in
the E.P tube into the same loading concentration as the library. Add 2 to 10% of diluted
PhiX to diluted sample library (Final volume 20 ul). Add 20 μl diluted library to the bottom
of the reservoir.

39

Phylogenetic Analysis
Phylogenetic maps were built by importing FASTA files; Geneious version 2021.0
software is used by installing the package for multiple sequence alignment, load all files
into an object, extract names, and print in an excellent way with Kable (), which is a
function in the knit package. Next, align all sequences directly, without translation to A.A.
translation, and contract the distance matrix and try a quick clustering algorithm. Then to
maximum likelihood phylogenies, we start with a distance-based rough idea of a tree and
then try to optimize it, with some options to maximize tree topology (optNni), base
frequencies (optBf), rates of substitutions (optQ=True), and to choose a gamma
distribution to model variation in the substitution rates across sites (optGamma).
Growth curve analysis
Kinetic growth assays were carried out using a 96-well plate platform and the Synergy
HTX plate reader (BioTek). We identified lead (Pb) identified as a primary environmental
toxicant in several of our bayou water samples above the TCEQ/EPA limits standards 1.15
ng/L (Dickenson, Horse pen, and Mustang Bayous, respectively). As a result, we
challenged 4 of our environmental isolates (Klebsiella pneumoniae, Enterobacter
aerogenes, Pseudomonas fluorescence, and Serratia marcescens) and two surrogate strains
with exposure to various Pb concentrations (0.5, 1, 5, 10. and 50 ppb (part per billion).
Saturated cultures were diluted in L.B (Luria-Bertani) Broth to an optical density of
0.2600nm in a 96-well plate in 200 μL/well final volumes. For control wells, only SDW was
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added to each well without Pb. Bacteria growth was monitored every 30 min for 12 h. All
growth experiments were conducted in triplicate.

Oxidative Stress Resistance Assay

A. Solid Based- Media

For plate-based H2O2 assays, 10-fold serial dilutions of saturated cultures of K.
pneumoniae or K. aerogenes (environmental or references strains) were grown in either 0,
0.5, 5 or 10 ppb of Pb. Cultures were then spotted, duplicated (using a Pronger) in ~2 μL
volumes on 2 L.B. agar (Difco) plates containing either 0 or 0.4 mM H2O2.

B. Liquid-Based

SDW-suspended Pb dose-dependent diluted into L.B. culture broth to a final concentration
of 100μg/mL. Saturated pure cultures of K. pneumoniae and K. aerogenes (environmental
Conc reference) strains were diluted to an optical density (600 nm) of 0.2 in a 96-well plate
(final volume: 200μL). For negative control wells, only SDW was added. Subsequent 1 h
of growth, H2O2 was added to the subcultures at final concentrations of 0, 20, or 50mM,
and growth was monitored for 8 h. All experiments were performed in triplicate.

Biofilm formation assay
For our biofilm formation assay, we utilized our previously described methods (Suraju et
al., 2015) with some modifications. Briefly, saturated cultures of (Klebsiella pneumoniae
and Klebsiella aerogenes) were grown in L.B. broth were diluted to an optical density (600
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nm) of 0.2 in a 96-well plate (final volume, 200 μL/well). Microtiter plates were incubated
for 24 h with agitation (~100 rpm) at37°C, after which optical densities at 600 nm were
measured. Wells were washed with water and incubated with 0.1% (vol/vol) crystal violet
(total volume, 250μL/well). Unbound crystal violet was eliminated by washing with water,
and wells were dried overnight. Biofilm-bound crystal violet was dissolved in 250 μL of
30% acetic acid—optical densities of solubilized crystal violet were measured at 600 nm.
Biofilm produced was normalized based on relative biomass (optical densities of
planktonic cells) to account for any differences in the various bacterial strains' growth rates.
All experiments were conducted out in triplicate or quadruplicate.

Bacterial Strains and Eukaryotic Cell Lines and Culture Conditions

For all studies, the heavy metal salt, lead (II) Nitrate (Carolina Biological Burlington, NC
USA), was used at concentrations of 0.5, 1, 5, 10, and 50 μg/mL in sterile dissolved water
creating the corresponding attention in parts per billion (ppb). Reference strains K.
pneumoniae 155095A (Carolina Biological) and K. aerogenes 155030A (Carolina
Biological) were purchased and were compared to our two enteric environmental isolates,
K. pneumoniae (MB 56 km, Mustang Bayou) and K. aerogenes (DKB 9.5 km Dickinson
Bayou), in our experiments. For all experiments, Luria-Bertani (L.B.) medium (SigmaAldrich) was used to grow bacterial strains with agitation (250 rpm) at 37°C. All
absorbance readings were taken using a BioTek™ ELx800™ microplate reader at 600nm.
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Antibiotic Susceptibility testing
Disk diffusion, or Kirby- Bauer method, was performed according to the Clinical &
Laboratory Standards Institute (CLSI) guidelines. The standard test is used to determine
antibiotic susceptibility for Klebsiella species strains. Different antibiotics were tested
ampicillin 10 μg, gentamycin 10 μg, streptomycin 10 μg, penicillin 10 μg, tetracycline 30
μg, and erythromycin 10 μg. The diameter of the area displayed no bacteria growth was
measured to assess the antimicrobial susceptibility as per CLSI guidelines.

Cell Cultures

Two different cell culture models obtained from American Type Cell Culture (ATCC,
Manassas, VA) were applied. The cells were cultured for 24 hours to allow for attachment,
after which the medium was changed to a medium containing the various treatments. The
cells were seeded in 96-well and 12-well culture plates at a different density (5000-100000
cells/ml) depending on the cell line and treated for appropriate culture time and
concentrations. The cell cultures were incubated at 37°C in a humidified 5% atmosphere
(CO2).

Lung Cell Lines

Beas-2B (ATCC® CRL-9609™; normal epithelial lung cell) was grown in DMEM
medium (Thermo Fisher 11965092) supplemented with 10 % FBS (Thermo Fisher
16140071) and 5% pen-strep (Thermo Fisher 15140122). Cells were cultured in tissue
43

culture T75flasks (Thermo Fisher 156499) and maintained at 37˚C in a humidified
atmosphere with 5% CO2. Flask’s medium was changed every 3 days.

Gut Cell Lines

CCD 841 (ATCC® CRL-1790™; normal colon, non-transformed cell line) was cultured
in Eagle's Minimum Essential Medium (EMEM). Supplemented with 10% Fetal Bovine
Serum (FBS) and Antibiotic-Antimycotic were purchased (Thermo Fisher). Cells were
cultured in tissue culture T175 flasks and maintained at 37˚C in a humidified atmosphere
with 5% CO2. Flask’s medium was changed every 3 days.

Cell Viability
Cell

viability

was

determined

by

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H

tetrazolium bromide (MTT) reduction assay before and following each exposure period.
Mitochondrial dehydrogenase could degrade MTT to the insoluble blue-violet crystal,
which is beneficial for indicating cytotoxicity. BEAS-2B and CCD 841 cells were seeded
in a 96 wells plate at a density of 5,000- 2,500 cells/well ~24 hr, respectively, preceding
the experiment. The following day, treatment of designated wells using heavy metal Pb at
different concentrations (1, 5, 10, 25, 50, and 100) μg/mL occurred for 0, 3, 6, or 12 hr.
20µL of 5mg/mL MTT was added to each well, followed by incubation for 4 hours at 37°C
with 5% CO2. Following the incubation period, the medium was gently removed from each
well and substituted with 100µL of DMSO. It was placed on an orbital shaker for 10 min
to dissolve the formed formazan crystals. The optical density (O.D.) was read at 570 nm
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(along with the reference wavelength of 640 nm) using a Synergy H4 Multi-Mode
Microplate spectrophotometer system (Biotek Instruments, Winooski, VT). Viability
(100%) was determined as the percentage of viable cells in the experimental groups in
relation to untreated cells (control). Our study aimed at examining the effect of Pb dosedependent concentration exposure time on cell viability. MTT was performed at each time
point immediately after cell incubation with or without heavy metal lead.

Beas-2B, and CCD841 Cells Culture Infection Assay

Our previously published method (Bado et al. 2018) was employed with some
modification. In short, BEAS-2B human lung epithelial cells and CCD 841 primary gut
cells lines were seeded into 24-well plates at densities of ~ 1.0 x 105/well, 24 hr prior to
bacterial infection. At this seeding density, monolayers were sub-confluent (~ 60-80%
confluency) at the time of the experiment. Bacteria were grown to saturation in L.B. broth
at 37˚C with agitation (~ 250 rpm), washed with 1X PBS, and diluted to optical densities
1.0600nm in DMEM + 10% FBS. Diluted cultures of K. pneumoniae, K. aerogenes were
further diluted to achieve multiplicities of infection of ~ 1. Following a 30- minute
attachment period, each well was washed with PBS, and DMEM containing 20 µg/mL
(20,000 ppb) of heavy metal Pb was added to each well. Viable colony plate counts were
enumerated for both the 0- and 6-h endpoints (in triplicate), and fold-increases were
calculated over that time.
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Scanning Electron Microscopy (SEM) and Energy Dispersive Spectrometer (EDS)

Our indoor dust topography, morphology, and chemical compositions analysis performed
by scanning electron microscopy (Thermo Science), used focused beams of electrons to
render light resolution, a three- dimensional imaged were generated through Backscattered
Electron (BSE (Thermo Science) was placed above the sample to detect backscatter
electrons. Images show contrast information between areas with different chemical
compositions. The collected dust samples are received in a sealed plastic tube. Sterile dust
samples were gently shaken to mix the sample, and about a teaspoon of sample is spread
onto a clean sheet of paper. A 20-mm diameter SEM stub with carbon adhesive is pressed
onto the dust sample to collect the sample for analysis. Samples were examined in the
uncoated (i.e.no gold sputter coating) condition and are imaged in Low Vacuum mode to
prevent charging of the specimens in the SEM. Selected particles are analyzed using EDS
to determine the elemental composition. All samples were completed by Houston Electron
Microscopy, Inc., Houston, Texas.

Statistical Analysis

All experiments were carried out in triplicate and averaged. The standard error of the mean
is represented by error bars. Using the Student's T-test, p-values less than or equal to 0.01
(denoted by two asterisks) and p-values less than or equal to 0.05 (described by one
asterisk) were considered significant.
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CHAPTER 4
RESULTS AND DISCUSSION
RESULTS
Study 1: Quantify Houston Bayous Bacterial Loads During the Summer and Fall
Seasons.
In seeking to isolate enteric pathogens from Houston watersheds and assess bacterial loads,
various Houston area bayous were sampled (Fig. 4). The Cypress Creek Bayou lies
northwest of the city center while the Horse pen, Dickinson, and Mustang Bayous lie
southeast, due south, and slightly southwest of the city center, respectively (Fig. 4).

Figure 4
Houston watersheds map using GIS were collected across the Cypress Creek (CC28.5, CC49.2,
and CC58.1) Dickinson Bayou (DB0.1, DB9.4, and DB12), Horse pen Bayou ( HPB 9.9, HPB
3.1, and HPB0.1), and Mustang Bayou ( MB20.6, MB22.6, MB48.8, and MB56 ).
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To determine temporal differences in bacterial loads, the bayous, as mentioned above, were
sampled both during the warmer summer months (07/30/2018–08/03/2018) and again
during the cooler fall months (11/07/2018-12/05/2018). Using a broad, non-selective
medium, total summer bacterial loads ranged from the lowest of 1.5 x 103 CFU/mL at
Cypress Creek Bayou to the highest at 3.2 x 104 CFU/mL at Mustang Bayou (Table 4).
Interestingly, Mustang Bayou also had the highest total load during the fall period as well
at 3.8 x 104 CFU/mL, while Cypress Creek Bayou again had the lowest bacterial load of
2.7 x 102 CFU/mL (Table 4). Similarly, except for one Dickinson Bayou sample (3.5 x 103
CFU/mL), we observed the Mustang Bayou to again have the highest enteric loads in both
the summer (3.3 x 103 CFU/mL) and fall samples (2.5 x 103 CFU/mL) when using selective
medium enriching for Gram-negative enteric growth (Table 4, fig 6). Again, Cypress Creek
Bayou had the lowest enteric bacterial loads of summer (9.4 x 102 CFU/mL) and fall (5.5
x 10) (Table 4). The reason why Mustang Bayou had the highest bacterial loads relative to
neighboring bayous remains unclear; however, fertilizer run-off from neighboring
agricultural fields could be a potential contributor (Table 4, fig 6).
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Table 4
Shows Houston Bayous longitude and latitude of each sampling location
were recorded using a handheld Global Positioning System (GPS) receiver, and the
summary of Total and Enteric Bacteria Load CFU/ml Summer Vs. Fall in Different
Houston Bayous. Heavy metal lead (Pb) was measured by using ICP-MS analysis as a
part per billion (ppb).
Total CFU/ml
Bayous

Horse pen
Bayou

Dickinson
Bayou

Location
from
Mouth

Latitude

HB9.9
km

29.584

HB3.1
km

Summer

Fall

Summer

Fall

-95.154

3400

1220

1200

330

29.579

-95.101

7500

1100

1800

300

HB 0.1
km

29.567

-95.071

11400

1300

2000

700

DB12 km

29.453

-95.067

10000

2600

2040

990

DB9.4
km

29.456

-95.044

14000

2700

2500

900

DB0.1
km

29.460

-94.975

19000

3100

3480

1670

MB56 km

29.535

-95.455
24800

38000

2500

1500

Mustang
Bayou
MB48.8
km

Cypress
Creek

Enteric CFU/ml

Longitud
e

29.526

-95.399

32000

19500

3000

2000

29.410

-95.234

16900

15000

3300

2500

29.952

-95.649

1500

270

980

55

CC28.5
km

30.005

-95.519

2800

1000

980

120

CC58.1
km

29.959

-95.718

2100

700

940

100

MB20.6
km
CC49.2
km
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The total bacteria Loads increased significantly prolonged with all Houston Bayous
locations in Summer Vs. Fall, the highest bacteria load recorded in Mustang Bayous
locations due to wastewater treatment plants, recreational activities, and temporal
temperature (fig 5).

Total Bacteria Loads
Summer

**
35000
30000

*

CFU/ml

25000

**

*

20000

*
15000

Fall

P<0.05: *
P<0.01: **

*

**

10000

*

5000
0
HPB9.9 HPB3.1 AB0.1
km
km
km

DKB12 DKB9.4 DKB0.1 MB56 MB48.8 MB22.6 CC58.1 CC49.2 CC28.5
km
km
km
km
km
km
km
km
km

Houston Watersheds Location

Figure 5 Shows Total bacteria Loads increased significantly along with all Houston
Bayous locations in Summer Vs. Fall, the highest bacteria loads recorded in Mustang
Bayous locations due to wastewater treatment plants, recreational activities, and
temporal temperature.
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Interestingly, the enteric population increased during the summer and fall across locations.
It was observed that bayous closer to the densely populated urban center, such as Horse
pen, Mustang, and Dickenson Bayous they had significantly higher enteric bacterial loads
during Summer and about remain the same at Fall season (fig 6), due to relocation of the
flow of water from upstream to downstream after the many flooding crises the area.

Total Enteric Loads
Summer

4000

*

3500

*

3000

Fall

*
*

2500

CFU/ml

*

2000
1500

*

*

1000

*

*

500
0
HPB9.9 HPB3.1 AB0.1 km DKB12 DKB9.4 DKB0.1 MB56 km MB48.8 MB22.6 CC58.1 CC49.2 CC28.5
km
km
km
km
km
km
km
km
km
km

Houston Watersheds Location

Figure 6
Enteric bacteria loads in Houston bayous closer to the densely populated urban center,
such as Horse pen, Mustang, and Dickenson Bayous they had significantly higher
enteric bacterial loads during Summer and about remained the same at Fall season due
to relocation of the flow of water from upstream to downstream after the many flooding
crises the area.
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The heavy metal concentrations in the Bayou water samples collected in both seasons are
provided in Table 5. Our results indicate that the Pb concentrations in water samples were
higher and remained above their THH criteria of 1.15 ppb in all the bayous during both
summer and fall seasons (Table 5). In sharp contrast, only samples from Horse pen and
Mustang Bayou collected during the summer had arsenic (As) concentrations exceeding
Texas Human Health (THH) criteria of 10 ppm, while cadmium (Cd) concentrations from
all bayou sampling locations were well below the THH criteria of 5 ppm (Table 5).
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Table 5
Heavy metal concentrations in Houston Bayous using ICP-MS Analysis.

Sampling As
Locations
Summer Fall

Cd

Pb

Summer Fall

Summer Fall

HB9.9

11.23

1.53

0.50

0.20

5.00

6.87

HB3.1

14.37

3.63

0.47

0.40

5.33

5.30

HB0.1

8.20

1.49

0.77

0.25

4.07

6.13

DKB12

8.50

5.55

0.60

0.40

10.07

6.93

DKB9.4

8.10

7.30

0.37

0.20

4.27

4.43

DKB0.1

8.47

5.00

0.80

0.50

4.13

8.40

MB56

10.40

2.70

0.53

0.10

17.30

13.13

MB48.8

14.27

3.40

0.13

0.13

6.03

8.93

MB20.6

20.55

3.13

0.27

0.10

7.23

3.77

CC58.1

9.30

0.90

0.40

0.30

1.90

6.83

CC49.2

8.27

3.53

0.83

0.20

4.70

4.77

CC28.5

5.50

4.50

0.30

0.35

5.30

7.17

Criteria
THH

10

5

1.15

EPA

10

5

10
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i.

Quantify Bacterial Loads in the Indoor Household Dust Samples Within Houston
City.
A total of 30 samples of indoor dust were collected and analyzed for bacterial and Pb
composition. The Pb concentrations of all the dust samples were significantly enriched and
exceeded the soil background concentrations and were significantly correlated to the
enteric bacteria concentrations. Total bacteria load in Indoor dust samples was recorded
in an urban area near industries and highway points. The Total and Enteric bacteria loads
indicated that the concentrations were maximum in the southeast locations and the central
parts of Harris, Fort Bend, and Brazoria Counties nearest to major highways, airports, and
railroads (Fig 7). Minimum bacteria populations were observed in locations northwest of
Harris County and some parts of the central region (Fort Bend) and northwest counties
(Waller and Austin) of the Greater Houston area (Table 5).
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Figure 7
Shows the indoor sample locations with Houston City using GIS mapping.
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Table 6
Total Bacteria (CFU/g) Vs. Enteric for the Indoor Dust sample Location recorded
based on the sample zip code.

Pb
County
Sample
#

Total
Bacteria
cfu/g

Total
Enteric
cfu/g

ICP-MS
Values
(ppm)

#

Zip
Code

1

77087

Harris

1002

13200

6000

41.3

2

77015

Harris

1008

5300

2200

39.7

3

77096

Harris

1014

36300

12000

18.3

4

77053 Fort Bend

1081

6000

2100

31.6

5

77496

1026

29000

15000

84.8

6

77083 Fort Bend

1027

6200

2300

27.9

7

77002

Harris

1039

11200

3000

16

8

77578

Brazoria

1044

37000

10000

35.4

9

77004

Harris

1045

176000

16000

41.3

10

77031

Harris

1046

77000

20000

125.9

11

77581

Brazoria

1047

28000

1000

39.9

12

77053

Harris

1048

87000

21000

159.3

13

77004

Harris

1049

62000

900

81.5

14

77096

Harris

1053

6000

700

27.7

15

77477

Harris

1060

11800

1800

5.5

16

77067 Fort Bend

1061

9000

1000

9.5

17

77338

1065

78000

1000

7

Harris

Harris

56

18

77059

Harris

1066

80000

29000

21.6

19

77338

Harris

1069

98000

38000

59.4

20

77583

Brazoria

1070

106000

14000
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21

77498 Fort Bend

1071

62000

13000

13.9

22

77386 Montgomery 1072

61000

19000

30.8

23

77598

Harris

1073

33000

2500

19.9

24

77581

Brazoria

1074

15000

500

11.4

25

77530

Harris

1076

63000

1000

33.8

26

77396

Harris

1079

41000

12000

83.8

27

77474

Austin

1081

75000

15000

49.7

28

77071

Harris

1082

32000

1100

25.5

29

77072

Harris

1083

47000

14000

27.3

30

77084

Harris

1086

56000

17000

12.7
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Study 2:
A. Bacterial Species Identification and characterization using 16S Ribotyping
Sequencing and BIOLG MicroStation Assays

Watersheds Samples
Following bacterial load determinations, we down-selected 17 colonies from all 4 sampled
bayous that had been grown on both broad- and selective media for identification and
downstream analysis. All 17 down-selected colony isolates (including 6 Gram-positive
isolates) were identified (using ribotyping and BLAST analysis) and included 3 human
enteric pathogens: K. pneumoniae, K. aerogenes, and Serratia marcescens (Table7). While
K. pneumoniae was isolated from Mustang Bayou, the Bayou with the highest enteric
loads, K. aerogenes was isolated from both the Horse pen and Dickinson Bayous (Table
7). For all downstream applications, we characterized the Dickinson Bayou K. aerogenes
isolate. Enteric Pathogenic bacteria were confirmed by detecting 16S Ribosomal RNA
genes and BIOLOG Micro-station from a different location; Mustang and Dickenson
Bayous recorded the highest enteric bacteria isolation. The rural area watersheds recorded
the highest load of pathogenic fecal coliform bacteria due to human, animal, and plant
activities. Altogether, from Dickinson Bayou, we isolated Pseudomonas fluorescens,
Klebsiella aerogenes (as mentioned above) Serratia marcescens, Pseudomonas lini, and
Pseudomonas oleovorans. From Mustang Bayou we isolated Klebsiella pneumoniae,
Pseudomonas mendocina, Bacillus megaterium, Planomicrobium chinense, and
Lysinibacillus spp. strain. From Cypress Creek Bayou we isolated Chryseobacterium
jeonii, Pseudomonas stutzeri, Brevibacterium casei, and Bacillus indicus. Finally, from
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Horse pen Bayou, we isolated Pseudomonas nitroreducens, Bacillus megaterium, and
Klebsiella aerogenes.
Table 7
Bacteria species and subspecies were isolated and identified from different watersheds
bayou’s locations in Houston city by using 16S rRNA, BIOLOG MicroStation, and
biochemical identifications tests.

Bayou

Locat
ion

DB0.1
km

DB9.4
km

Dickinson
DB12
km

Ribotypin
g
BIOLOG
MicroStati
on
Pseudomon
as
fluorescens
strain DH27
Klebsiella
aerogenes
strain
KA32282a
Serratia
marcescens
subsp.
sakuensis
strain
RY21

Biochemical
Tests

Gram
Stain
×1000

Reference
s

Infection in
immunoco
mpromised
Patient

(Vanessa
et al.,
2011)

Catalas
e
+

Oxidas
e
+

+

-

Respiratory
Urinary
Tract
Infection

(Edlin
2013).

+

-

Pneumonia
urinary
tract
infection
bloodstrea
m infection

+

-

Plants

(Jones,
2010)
(Kawecki
D, et
al.,2011)
(Merkier,
et al.,
2013)
(Delorme
et al.,
2002)

+

-

Sepsis in a
Children's

Gram -

Gram -

Gram -

Pseudomon
as lini
strain
FRT6

Human
Diseases

Gram Pseudomon
as
oleovorans
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Lipika, et
al., 2015

MB56
km

strain
JZY3-48
Gram Pseudomon
as
mendocina
ymp

Mustang

-

Meningitis
Endocarditi
s

Melony, et
al., 2019

+

-

RTI
Bacteremia

(Edlin
2013).

+

+

+

+

Plant
Marine

(Dai et al.,
2005)

+

+

Secondary
Sepsis

Eric et al.,
2015

-

-

Septicemia

Olson et
al., 1992;
Taylor et
al., 1993

+

-

Marine

+

-

Immunoco
mpromised

Gram -

Klebsiella
Pneumonia
e
MB48
.8
km

+

Gram Bacillus
megateriu
m strain
S15 16S

Fu-Ping et
al, 2015

Gram +
MB20
.6 km

Cypress
Creek

Planomicro
bium
chinense
strain MNJXJ:3
Lysinibacill
us sp.
strain 7

CC49.
2 km

Gram+
Chryseoba
cterium
jeonii
strain
NCTC1345
9

CC28.
5 km

Gram+

Gram-

Pseudomon
as stutzeri
strain
KGS-2
GramBrevibacter
ium casei
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Lina et al.,
1994

, AIDS
patients
Gram+
CC58.
1 km

Bacillus
indicus
strain ZW3

+

+

Environme
nt

+

-

Environme
nt

+

+

Septicemia
Immunoco
mpromised
Patient.

+

-

nosocomial
respiratory
tract
infections

Gram+

HPB9.
9 km
Horsepen

Pseudomon
as
nitroreduce
ns
Bacillus
megateriu
m NBRC
15308 =
ATCC
14581

HPB3.
1 km

Klebsiella
aerogenes
strain
SPUKJM2

Gram-

Gram+

Gram -
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Canton et
al., 2002

Indoor Dust Samples
Resulting in bacterial load determinations, we down-selected 20 colonies from different
household samples that had been grown on both broad- and selective media for
identification and settled indoor dust analysis. Down selected 20 bacterial isolates from 15
dust samples. 19 isolates were Gram-positive belong into Bacillus spp. Including :
(Aerococcus sp. strain DE018, Bacillus cereus, Sporosarcina koreensis, Bacillus
megaterium strain EN2, Bacillus sp. MG2-11, Arthrobacter sp. strain N5, Brevibacterium
sp. strain A9, Bacillus aryabhattai strain RW067, Bacillus luciferensis strain A42, Bacillus
bingmayongensis strain SCSB-19, Bacillus muralis strain QT332, Bacillus koreensis strain
EFBL-YM2, Bacillus megaterium strain YLB-P3, Bacillus aryabhattai strain G3,
Lysinibacillus sphaericus strain D9, Bacillus firmus strain S2, Bacillus megaterium strain
TSM3)( table 8), and 2 isolates were Gram-negative bacteria pathogenic respiratory species
were isolated from high polluted dust sample’s locations (K. aerogenes spp., Pantoea spp.
) (Table 8).

Table 8
Bacteria species and subspecies were isolated and identified from different indoor settled
house dust locations in Houston, using ribotyping 16S rRNA, BIOLOG MicroStation,
and biochemical identifications tests.
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Sample
#

S1072

Bacteria Species
16S rRNA gene

Gram Stain
X 1000

Biochemical Tests
Oxidase Catalase
test
test

Human
Diseases
Associated

References

Ifunanya et al.,
2019,
Mohan et al., 2017

-

-

Urinary Tract
Infection

-

-

+

+

RTI,
Pneumonia,
UTI
Environment

-

+

Environment

+

+

Pneumonia

+

+

Environment

-

+

Environment

-

+

Wound
Infection

(Dutkiewicz et al
2016)

+

+

Clinical
Specimens

Brazzola et al.,
2000

+

+

Marine
specimens

Aerococcus sp.
strain DE018
G+ cocci
Klebsiella
aerogenes
G-

S1073

Bacillus
megaterium strain
TSM3

Podschun, R. &
Ullmann, U. 1998.

G+ Bacilli
S1014

Sporosarcina
koreensis
G+
Bacillus
megaterium strain
EN2
G+ Bacilli

S1002

Bacillus sp. MG211
G+

S1027

Arthrobacter sp.
strain N5
G+ and GRod

S1083

Pantoea sp. strain
JZ108
GBrevibacterium sp.
strain A9

S1039
G+
Bacillus
oceanisediminis
strain NFS-CAP-3
G+
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S1081

Bacillus
aryabhattai strain
RW067

+

+

-

+

+

-

+

+

-

+

+

+

+

+

+

+

+

+

+

-

+

+

Food Born
Infection

+

+

-

+

+

-

G+
Bacillus
luciferensis strain
A42
G+
Bacillus
bingmayongensis
strain SCSB-19
S1026

G+
-

Bacillus muralis
strain QT332
G+
Bacillus koreensis
strain EFBL-YM2
S1053

Plant Diseases

G+
-

Bacillus
megaterium strain
YLB-P3
G+
S1044

Bacillus
aryabhattai strain
G3

S1046

Lysinibacillus
sphaericus strain
D9

S1045

Bacillus firmus
strain S2

-

G+
-

G+

G+
S1079

Bacillus
megaterium strain
TSM3

S1047

Bacillus
megaterium strain
EN2

G+

G+
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B.
C. CR Amplification and Agarose Gel Electrophoresis
To determine and identify at the molecular level our isolated organisms, whether they are
Dust or Water samples, we are conducting Colony PCR (modified conventional method)
(Rosenzweig & Jajola, 2011). by using universal primers. The amplifying region of the
DNA, which was expected to be around 1.7 KB, for control positive a leader (1KB)
(Thermo Fisher Science) has been used (Fig 8). DNA fragments were outsourced for
Sanger Sequencing at the local DNA sequencing Lonestar Lab.

Figure 8
Colony direct PCR using bacterial colony as a direct template comparing with the 1 kb
leader.
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D. Phylogenetic Tree
In our study, a phylogenetic tree created to display the branching diagram of evolutionary
relationships between the isolated environmental bacteria species, which contains
information about the order of evolutionary divergences within, and hence about the
relationships among, the isolated bacteria species from watersheds and indoor dust,
respectively (Fig 9, panel A and B). The lines on the tree are called branches, and the
intersections of these lines are called nodes. A node represents a branching event in the
tree. The branching pattern of a tree is called its topology. The topology shows how
organisms are related to one another, depending on the size of your screen and the size of
the tree.
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A

B

Figure 9
The Phylogenetic tree for Watersheds (Panel A), indoor dust (Panel B) bacteria species
isolated by 16S ribotyping RNA sequencing using Geneious version 2021.0.
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E. Capsule Strain for Selective Klebsiella strains

In our study the capsule staining method was illustrated for both of environmental
strains Pneumoniae (fig 10 panel A), and K. aerogenes (fig 10 panel B). A copper
sulfate (Thermo Fisher) was used as a decolorizing agent to wash the primary stain out
of the capsular material without removing the stain bound to the Klebsiella species cell
wall.

A

B

Figure 10
Capsule stain by using Anthony’s Stain Method, K. pneumoniae (Panel A), and K.
aerogenes (Panel B) under the light microscope (1000 magnification) by using primary
stain crystal violet. Bacteria capsule appears as (bright halo zone around the bacteria).
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Study 3: Kinetic Study for Interested Isolated Enteric Bacteria Module Klebsiella
Spp. Con Reference Strains.
Growth curve analysis
To determine whether exposure to metal contaminants found in Houston watersheds
promoted adaptations in the environmental isolates, both the ecological and reference
strains were exposed to various Pb concentrations. Pb levels were elevated in bayou water
samples (Table 11), exceeding THH criteria of 1.15 ppb and approaching the actionable
levels

of

15

parts

per

billion

(ppb)

limits

on

(https://www.epa.gov/dwreginfo/lead-and-copper-rule#rule-summary)

drinking

water

prompting

the

investigation. Initially, a range of Pb concentrations, including 1 ppb, 10 ppb, and 50 ppb,
was tested. Growth curve analysis of K. pneumoniae Environmental Strain, (B) K.
pneumoniae reference strain, (C) K. aerogenes Environmental Strain, and (D) K. aerogenes
Reference Strain. They have shown in response to the heavy metal lead exposure at (1, 10,
and 50) ppb concentrations. The Representative experiment conducted is in triplicate, and
errors of the mean are also shown. The student's t-test was used to determine any statistical
differences (Fig 11). Only the 50 ppb Pb-challenge significantly slowed bacterial growth
for all 4 strains evaluated, while the K. pneumoniae environmental isolate appeared less
sensitive to Pb-exposure than its reference strain (Fig. 12). When compared directly
following 50 ppb Pb-challenge, both the K. pneumoniae and K. aerogenes environmental
isolates had significantly greater biomass than their corresponding reference strains (Fig.
12), suggesting potentially beneficial environmental adaptations. Interestingly, the
environmentally isolated K. aerogenes strain had significantly higher biomass than its
reference strain at all time points evaluated for reasons that remain unclear (panel B).
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B
A
K. pneumoniae reference strain

K. Pneumoniae Environmental Strain

K.p RS
K.p RS +1 pb
k.p RS+ 10 pb
K.P RS +50 Pb

1.6

1.6

P ≤ 0.005

P ≤ 0.001

1.4

1
0.8
0.6

K.p ES
K.p ES + 1Pb
K.p ES + 10Pb
K.p ES + 50 Pb

0.4
0.2
0

Absorbance 600 nm

1.2

1.2
1
0.8
0.6
0.4
0.2
0

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

Time ( Hours)

Time ( Hours)

C

D
K. aerogenes Environmental Strain

K. aerogenes Reference Strain

1.8

1.4

1.6

1.2
1
0.8

K.a ES
K.a ES + 1 Pb
K.a ES+10pb
K.a ES +50 Pb

0.6
0.4

1.2

Absorbance 600 nm

1.4

Absorbance 600 nm

Absorbance 600 nm

1.4

1
0.8

K. a RS

0.6

K.a RS +1 Pb
K.a RS +10 Pb

0.4

K.a RS +50 Pb
0.2

0.2
0

0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9

P ≤ 0.05

0

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

Time ( Hours)

Time ( Hours)

Figure 11
Klebsiella species growth in response to heavy metal Pb dose-dependent. (A) Growth
curve analysis of K. Pneumoniae Environmental Strain, (B) K. pneumoniae reference
strain, (C) K. aerogenes Environmental Strain, and (D) K. aerogenes Reference Strain.
They have shown in response to the heavy metal lead exposure at (1, 10, and 50) ppb
concentrations. The Representative experiment conducted is in triplicate, and errors of
the mean are also shown.
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To illustrate the growth curve of environmental Klebsiella species versus their
references strain in presence of 50 ppb of metal Pb in liquid media monitored every 30
min for 8 h. All growth experiments were conducted in triplicate (fig 12 panel a & b).
K. pneumoniae growth Environmental Vs Reference Strain

A

K.p RS
K.p ES+ 50 pb

1.4

Absorbance 600 nm

P= 0.001

K.p ES

1.6

K.P RS +50 Pb

1.2
1
0.8
0.6
0.4
0.2
0
0

30

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

8.5

9

Time ( Hours)

K. aerogenes Environmental Vs Reference Strain

B
1.8

Absorbance 00 nm

1.6
1.4

P=
0.002

K.a ES
K. a RS
K.a ES +50 Pb
K.a RS + 50 Pb

1.2
1
0.8
0.6
0.4
0.2
0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

Time ( Hours)

Figure 12
Shows the growth curve analysis of the environmental strain versus references of
Klebsiella pneumoniae bacteria (Panel A) and Klebsiella aerogenes environmental
versus reference strain (Panel B). With and without heavy metal Pb (50 ppb). A
significant difference between only bacteria growth and 50 Pb (ppb) treatment. p < 0.005
was considered significant.
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Environmental Klebsiella species produced resistance to H2O2
Liquid-based
Previously, we demonstrated that exposure to dust (indoor and outdoor) increased bacterial
pure cultures' sensitivity to H2O2 challenge (Suraju et al., 2015). In this study, and in
agreement with our previous findings (Bado et al., 2017). To determine whether the
possible environmental adaptations extend beyond sustained growth during Pb-exposure,
we sought to evaluate the impact of Pb-exposure on oxidative stress resistance as well. We
demonstrated that exposure to heavy metal Pb increased the sensitivity of reference strain
for each of K. pneumoniae and K. aerogenes gens more their environmental type, to H2O2
at different concentrations. Pure culture for both K. aerogenes and K. pneumoniae
reference strains were showed the highest increased sensitivity to 20 and 50mM of H2O2
compared with their environmental strains when exposed to heavy metal lead (Fig. 13)
compare panel (a& b) control panel with heavy metal (0 H2O2), to (c& d) panel 20 mM
H2O2 with and without Pb, (e &f) panel 50 mM H2O2 with and without Pb.
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Figure 13
Pure single cultures of K. pneumoniae (K.p) and K. aerogenes (K.a ) environmental
Vs. Reference strain was exposed to 0, 20, and 50mM H2O2 with and without (Panels
A, B, and C, D, E, and F respectively), with 50 µg/L of Pb.
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Media-Based Oxidative Stress Resistance Assay

To determine whether the possible environmental adaptations extend beyond sustained
growth during Pb-exposure, the impact of Pb-exposure on oxidative stress resistance was
evaluated as well. On solid medium, no apparent differences were observed when the K.
pneumoniae strains were challenged with a range of Pb concentrations (0.5, 5, or 10 ppb)
(Fig. 14 A), in agreement with what was observed in liquid culture (Fig. 13). However,
differences became apparent when in the presence of 0.4mM of H2O2. More specifically,
even without Pb-challenge, the reference strain appeared more sensitive to 0.4mM H2O2
than did the environmental types. Pb-exposure at all concentrations did not affect the
environmentally isolated strain’s growth (panel B). With regards to K. aerogenes,
mirroring what was observed for K. pneumoniae, no apparent differences were observed
when the K. aerogenes strains were challenged with a range of Pb concentrations (0.5, 5,
or 10 ppb) (Fig 15 A). However, when challenged with either 5 or 10 ppb Pb, the
environmental K. aerogenes outgrew the reference strain when in the presence of 0.4mM
of H2O2 (Fig 14 B). appeared more sensitive to 0.4mM H2O2 than did the environmental
type, and Pb-exposure at all concentrations did not affect the environmentally isolated
strain's growth (Fig. 15 panel B). Growth on higher concentration H2O2 plates of 1 and 10
mM of H2O2 was not observed regardless of Pb exposure (data not shown).
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Figure 14
Representative

H2O2

plate-based

experiment.

Klebsiella

pneumoniae

(KPE)

environmental, (strain, (KPR) reference strain, (KPE + Pb), (KPR+Pb) with different
concentration (Pb) heavy metal lead. strains were grown on 0mM H2O2 (A) or 0.4mM
H2O2 (B) at 30°C for 16 hours, at which point the plates were scanned. All strains were
spotted in duplicate for internal dilution and spot controls.
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Figure 15
Representative

H2O2

plate-based

experiment.

Klebsiella

aerogenes

(KAE)

environmental, (strain, (KAR) reference strain, (KAE+ Pb), (KPR+Pb) with different
concentration (Pb) heavy metal lead. strains were grown on 0mM H2O2 (A) or 0.4mM
H2O2 (B) at 30°C for 16 hours, at which point the plates were scanned. All strains were
spotted in duplicate for internal dilution and spotting controls.
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Enhanced Biofilm Production in opportunistic Klebsiella spp Bacterial Pure cultures
exposed to Metal Pb
For our biofilm assays, we decided to employ dose-dependent concentrations µg/L of Pb,
as we had done earlier (Suraju et al. 2015, Bado et al. 2017), on account of the abovementioned concentration not negatively affecting the growth kinetics of all bacteria
evaluated in pure culture conditions of Klebsiella spp. (Fig. 16). Since it appeared that both
Klebsiella environmental strains were better able to tolerate Pb exposure as it related to
their growth and oxidative stress resistance than their corresponding reference strains, we
sought to determine whether biofilm production was similarly enhanced. Interestingly,
significantly increased biofilm formation was observed in the environmental K.
pneumoniae strain relative to the reference strain when challenged with 10, 20, and 50 ppb
of Pb (Fig.16, A). Similarly, the environmental K. aerogenes isolate exhibited significantly
enhanced biofilm production at 5, 10, and 50 ppb (Fig 16, panel B). However, no significant
differences in biofilm formation were observed for either set of Klebsiella species when
exposed to lower concentrations of 0.5 and 1 ppb of Pb (Fig. 16).
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Figure 16
Biofilm formation of environmental strain and reference bacterial strain. Single cultures of
Klebsiella species. Bacteria were exposed to dose-dependent of heavy metal lead (Pb) ppb (a). K.
pneumoniae environmental vs. reference strain, (b) K. aerogenes environmental vs. reference
strain, biofilm formations were exposed to dose-dependent (0.5, 1, 5, 10, 20, and 50) ppb of heavy
metals Lead (Pb). Representative experiments shown are in triplicate, and errors of the mean
are also shown. Student t-test was used to determine any statistical differences. p < 0.005 was
considered significant.
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Environmental Klebsiella spp. Strains Produced Resistant to Antibiotic
We sought to determine whether our environmentally isolated Klebsiella spp. We exhibited
increased resistance to antibiotic chemotherapeutics: ampicillin, gentamicin, streptomycin,
penicillin, tetracycline, and erythromycin. Unexpectedly, our K. aerogenes environmental
isolate was slightly more sensitive to gentamycin, streptomycin, and tetracycline than the
reference strain, as evidenced by larger zones of inhibition [16mm vs. 12 mm, 22 mm vs.
20 mm, and 15 mm vs. 13 mm, respectively (Table 9)]. Our K. pneumoniae environmental
isolate demonstrated the same profile measuring slightly more resistance to gentamycin,
streptomycin, and tetracycline than the reference strain as evidenced by smaller zones of
inhibition [13mm vs. 16 mm, 18 mm vs. 20 mm, and 7 mm vs. 10 mm, respectively (Table
9)]. At the same time, only K. aerogenes are motile, both Klebsiella spp. Possess
polysaccharide capsules, which could contribute to antibiotic resistance (Table 9).
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Table 9
Kirby-Bauer Disk Diffusion susceptibility Test Antibiotic Results for Klebsiella spp.
Bacteria environmental versus reference strains. The zone diffusion diameter was
measured (mm) and interpreted based on the CLSI Standards Guidelines
(https://clsi.org/standards/products/microbiology/).

Antibiotic

K.
pneumoniae
(reference)
Zone of
Inhibition
(mm)

K.
pneumonia
e
(environme
ntal)
Zone of
Inhibition(
mm)

K.
aerogenes
(reference)
Zone
Diameter
Measure
(mm)

K.
aerogenes
(environm
ental)
Zone
Diameter
Measure
(mm)

CLSI Standard
For Enteric Bacteria
(Zone Diameter mm)

R

I

S

Ampicillin
10 µg

0

0

0

0

≤ 13

14-16

≥ 17

Gentamicin
10 µg

16

13

16

12

≤ 12

13-14

≥ 15

Streptomycin
10 µg

20

18

22

20

≤ 11

12-14

≥ 15

Tetracycline
30 µg

17

17

15

13

≤ 14

15-18

≥ 19

Erythromycin
15 µg

10

7

0

0

≤3

14-22

≥ 23

R: Resistant, I: Intermediate, S: Sensitive
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Pb Induced Cytotoxicity of Lung Epithelial and Gut Cell Lines
Beas-2B lung and CCD 841 gut cells were used to study the heavy metal cytotoxicity; the
cell viability test was utilized to measure the cytotoxicity of primary lung and gut cell lines
with MTT assay. Cells were exposed to Pb dose-dependent at (1, 5, 10, 20, 50, and 100)
µg/L concentrations. 96-well tissue plates were seeded with Beas-2B or CCD 841 cells at
a density of 5 x 103 and 2.5 x 103 cells per well, respectively. Cells were allowed to attach
for 12-24 hours, after which the media was removed and replaced with solutions of media
containing heavy metal Pb for 3, 6, and 12 hours. Cells exposed to complete media were
used as our negative control. Post-exposure, 0.5 mg/ml 3-( 4,5-dimethylthiazole-2-yl)-2,5diphenyl tetrazolium salt (MTT) solution was added to each well and incubated in CO2
incubator for 3-4 hours. The formazan crystal formed was dissolved in 200 µl DMSO for
15 minutes, then the absorbance was measured at 570 and 630 nm using a microplate reader
(Bioteck instrument, USA). The assay was carried out with 6 replicates for each culture.
Cytotoxicity was observed in the BEAS-2B (Fig 16, A) and CCD841 (Fig 17, B) cell lines,
respectively. The survival rate was detected for (3, 6, and 12) hours incubation time in both
cell lines was reduced to under 20 when treated with heavy metal Pb at the highest
concentration (Fig 17 panel A& B).
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Figure 17
Effect of Pb on human lung Beas-2B and gut epithelial CCD 841 cells. MTT assays were
performed to determine the cytotoxicity of 1, 5, 10, 25, 50 µg/L (Panel A) Beas-2b human
lung cells, and (Panel B) on CCD 841 gut epithelial cells.
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Beas-2B Bacterial Co-cultures as a Model for Lung Cells Exposure to Pb
We sought to measure the influence of Pb exposure on Klebsiella spp. Proliferation in a
modeled lung environment using Beas-2B human lung cells. In the absence of the Pbchallenge, both the environmental and reference K. pneumoniae strains exhibited similar
fold increases over a 6-hr. infection period, 15.5 and 13.5- fold increases, respectively;
however, total bacterial loads were more than 2-fold higher for the environmental isolate
(Fig 18. panel A &B). When challenged with 20 ppb Pb, only the ecological isolate was
able to proliferate to similarly high levels (12.75-fold), while the reference strain exhibited
reduced proliferative burst (2.8-fold increase) (Fig 19, panel A). Likewise, K. aerogenes,
in the absence of Pb, both Klebsiella types were increased 1.8-fold and 1.4 respectively
during the 6-hr co-culture. At the same time, in the presence of 20 Pb pbb, only the
environmental type significantly increased during the 6-hr co-culture, and the reference
strain did not exhibit any considerable expansion during that same time (Fig 19, Panel B).
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Figure 18
Bacterial proliferation calculated CFU/ml on Beas-2b cell lines over 0-6 h exposure time in
absence or presence of Pb at 20 ppb for environmental vs. reference strain. K. pneumoniae
(panel A), and K. aerogenes (panel B). Key: ES (Environmental Strain), RS (Reference Strain).
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Figure 19
Fold Increased of Klebsiella species on Beas-2b lung cells. Bacterial cells were cocultured with Beas-2B cells modeling the epithelial lung primary cell line. K.
pneumoniae environmental versus references strains (Panel A), and K. aerogenes versus
references strains were co-cultures exposed to 20 ppb of heavy metal lead (Pb), or no
heavy metal was evaluated for bacterial proliferation following a 6-h infection period.
Representative experiments shown are in triplicate, and errors of the mean are also
shown. The student's t-test was used to determine any statistical differences. p < 0.05 was
considered significant. Values shown represent fold increases over time.
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CCD 841 Bacterial Co-cultures as a Model for Gut Epithelial Cells Exposure to Pb
Proliferation assay of K. aerogenes and K. pneumoniae environmental vs. reference strains
in an infection assay. Heavy metal Pb (ppb) was added to CCD 841 gut cell culture wells
contains FBS at MOI of 0.2-0.5. Following a 30-minute attachment period, excess bacteria
were removed. The colony-forming unit for 0- and 6-hours exposure was calculated (fig
20, panel A& B). The average fold-increases over the 6-h infection period for each strain
with and without treatment are shown graphically. Using the student t-test and calculating
for unequal variance, P < 0.05 for the differences between the environmental strain and
reference strain bacteria, we wanted to measure the impact of Pb exposure on Klebsiella
spp. Proliferation in a modeled gut environment using CCD841 epithelial cells. In the
presence or absence of the Pb challenge. Our results for CDD 841 gut cell lines were
recorded in the absence of Pb. Both the environmental and reference K. pneumoniae strains
exhibited similar fold increases over a 6-hr. infection period, with a 1.8- and 1.5-fold
increase, respectively. While when challenged with Pb, only the environmental strain
isolate was able to proliferate to similarly high levels (1. 5-fold), while the reference strain
exhibited reduced proliferative burst (0.3-fold increase) (Fig 21, panel A).
In sharp contrast, both K. aerogenes strains grown much more modestly than did the K.
pneumoniae strains in CCD 841 co-culture. Whereas the environmental types proliferated
only 5.6-fold (a significant increase) during the 6-hr co-culture, the reference strain did not
exhibit any considerable expansion during that same time (Fig.21, Panel B). In the presence
of 20 ppb Pb, only the environmental K. aerogenes showed a significant increase in
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proliferation over the 6-hr. infection period, albeit at a very modest 1.8-fold. A large fold
increased environmental K. aerogenes vs. the references strain increased after a 6 h period
(Fig 21, panel B).
In the absence and presence of Pb, K. pneumoniae environmental strain was significantly
more able to increase gut cells after 6 hr. period of co-infection than the reference strain.
This could be due to phenotypic changes of the bacterial behavior for colonizing on
epithelial tissues and cause infection.
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Figure 20
Bacterial proliferation calculated CFU/ml CCD 841 gut cell lines over 0-6 h exposure
time in absence or presence of Pb at 20 ppb for environmental vs reference strain. K.
pneumoniae (panel A), and K. aerogenes (panel B).
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Figure 21

Fold Increased bacterial cells co-cultured with the epithelial gut primary CCD 841 cells.
K. pneumoniae (Panel A), and K. aerogenes (Panel B), environmental versus references
strains were co-cultures exposed to 20 ppb of heavy metal lead (Pb), or no heavy metal
was evaluated for bacterial proliferation following a 6-h infection period. Representative
experiments shown are in triplicate, and errors of the mean are also shown. The
student's t-test was used to determine any statistical differences. p < 0.05 was considered
significant.

89

Scanning Electron Microscopy (SEM)
The weight percentages of major elements in the indoor dust samples measured by EDS
are compiled in Table 9. The mean elemental weight percentages were in the following
descending order: C > O ≫ N > Na > Ca > Si > Cl > S > K > Al > Fe ≈ Mg > P. The mean
weight percentages of C and O (wt. % 54.6 and 30.2, respectively) is much greater than the
other elements. Significant amounts of Na, Si, S, Cl, and Ca (3.1 - 1.4) were identified,
whereas relatively small percentages of Mg, Al, P, K, Fe, and N (wt. % < 1.0) were present
(Table 10). Our EDS results show spectra of representative dust samples (S46, S73, S97,
S55, S82, and S16) from Southeast Texas (Figure 22).
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Table10
Elemental weight percentages from SEM-EDS analysis for in dust samples obtained
from Southeast Texas.

Site
S46

S97

S55

S16

S73

Element
C

O

Na

Mg

Al

Si

P

S

Cl

K

Ca

Fe

N

28.95

56

4.43

--

0.33

0.97

--

--

1.91

0.77

0.82

--

5.78

32.63

47.3

5.86

--

0.47

1.24

--

0.6

1.56

0.85

0.97

--

8.52

36.73

42

5.62

--

0.3

1.2

--

1.51

1.71

0.83

1.24

--

8.91

15.96

55.7

21.22

--

0.46

1.4

--

0.46

0.6

0.5

0.75

--

2.98

23.8

41.9

7.33

--

1.77

6.87

1.3

2.25

1.61

1.7

5.67

--

5.5

73.1

10.4

1.83

0.65

1.59

4.48

--

1.56

2.11

1.22

3.06

--

--

80.09

1.95

1.69

0.64

1.81

6.19

0.1

1.62

1.97

0.98

2.94

--

--

81.95

1.67

1.96

0.73

1.26

3.59

--

1.66

3.06

1.56

2.56

--

--

35.5

40.2

0.72

--

0.57

1.63

--

9.08

0.96

0.47

10.8

--

--

79.61

6.09

2.53

0.55

1.25

3.09

0.1

1.52

2.2

1

2.01

--

--

51.3

35.7

1.42

0.31

0.6

2.12

--

1.1

2.13

1.15

3.67

0.51

--

57.76

14.5

3.03

0.56

1.41

3.76

--

2.6

6.69

3.11

5.81

0.81

--

21.78

65.1

1.71

0.25

0.51

1.59

--

1.2

2.66

1.21

3.5

0.47

--

16.18

70.8

1.57

0.37

0.56

1.32

--

0.9

1.98

0.8

5.1

0.42

--

51.68

35.7

0.92

0.16

0.27

0.83

--

0.6

1.43

0.6

7.2

0.54

--

48.52

42.7

1.34

--

0.46

1.87

0.2

0.88

0.61

0.51

2.66

--

--

53.88

38.4

1.46

--

0.3

1.16

0.3

1.32

1.08

0.69

1.36

--

--

53.8

34.1

2.26

--

0.52

1.79

0.2

1.22

0.5

0.5

4.62

--

--

65.59

30.2

1.18

--

0.2

0.67

0.2

0.43

0.64

0.36

0.58

--

--

58.77

32.5

2.05

--

0.25

1.07

--

1.39

1.07

0.67

2.23

--

--

66.43

22.6

1.04

--

0.76

2.81

--

1.18

1.74

1.34

2.1

--

--
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S82

Mean

82.2

8.71

1.74

--

0.35

1.34

--

0.97

1.4

1.32

1.97

--

--

59.73

18.7

1.32

0.5

1.37

14.21

--

1.03

1.07

0.92

1.12

--

--

67.93

19.1

1.34

--

0.65

1.66

--

1.68

2.31

1.93

3.45

--

--

67.04

21.2

2.11

0.49

0.55

1.78

--

1.32

2.45

1.34

1.77

--

--

69.33

16.6

2.84

0.53

0.8

3.54

--

0.8

1.64

0.56

2.41

0.51

--

64.84

22.4

2.46

0.77

0.78

4.77

--

0.5

1.19

0.36

1.22

0.49

--

56.75

32.1

4.27

0.16

0.47

1.47

--

0.5

1.99

0.53

1.47

0.32

--

80.82

11.2

2.22

0.24

0.49

1.54

--

0.4

1.05

0.35

1.38

--

--

54.6

30.2

3.1

0.5

0.7
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0.3
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1.8

1.0
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Figure 22
SEM images of representative dust samples (S46, S73, S97, S55, S82, and S16) from
Southeast Texas.
93

Discussion
Previous studies recorded urban flooding can significantly affect the community microbial
landscape and enhance the hazard of waterborne infection in flooded areas (Pingfeng et al.,
2018). A previous study confirmed that elevated bacteria load in Texas urban watersheds
bayous due to frequent rainfall and storm-related events in the area, merged with
comparatively long travel times in the bayous (Traister and Anisfeld 2006). Texas
Commission on Environmental Quality recorded approximately 50% of the selected
streams in the Houston and Galveston area are compromised due to elevated levels of
indicator bacteria (TCEQ 2007). Numerous potential sources of indicator bacteria exist
within bayous in Harris County and urban streams, including polluted runoff and
stormwater.
We sampled the different bayous to determine temporal differences in bacterial loads
during the warmer summer months (07/30/2018–08/03/2018) and again during the cooler
fall months (11/07/2018-12/05/2018). The highest total bacterial loads measured, using the
broad non-selective medium, were found in the Mustang Bayou during both the summer
and fall periods (Table 4). Similarly, except for one Dickinson Bayou sample, we observed
the Mustang Bayou to again have the highest enteric loads in both the summer and fall
samples when using selective medium enriching for Gram-negative enteric growth (Table
4). The reason why Mustang Bayou had the highest bacterial loads relative to neighboring
bayous remains unclear (fig 5 & 6)
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For indoor settled dust, samples were collected between November- December of 2019
from different households in the Houston area (Fig 7). Our study recorded the highest
bacterial quantification results in an urban area near industries and highway points. The
enteric bacteria were loads indicated that the concentrations were maximum in the
southeast locations and the central parts of Harris, Fort Bend, and Brazoria Counties nearest
to major highways, airports, and railroads. Minimum bacteria populations were observed
in locations northwest of Harris County and some parts of the central region (Fort Bend)
and northwest counties (Waller and Austin) of the Greater Houston area. Gram-positive
Bacillus species were the most confirmed isolates; however, Klebsiella species bacteria
species were also isolated from high polluted dust sample locations (Table 5). Lead is
usually found in indoor dust from lead-based paints that were used on the interior and
exterior of older homes up until 1978 (Minnesota Department of Health, 2019). In this
study, the mean Pb level was 37.9 mg/kg, which was about 1.3 times higher than what is
found in natural soils.
In this study, 3 Gram-negative enteric pathogens were isolated from the Houston
watershed, and two of them, K. pneumoniae and K. aerogenes, were characterized. Since
K. pneumoniae can be KPC resistant (Ernst et al. 2020) or hyper-virulent (Russo and Marr
2019) it has been recovered from European wastewater outflows (Dolejska et al. 2011). It
poses human health threats, the K. pneumoniae isolate, as well as the K. aerogenes isolate,
were challenged with a battery of antibiotics including ampicillin, gentamicin,
streptomycin, penicillin, tetracycline, and erythromycin. An earlier report further
motivated these interrogations, suggesting that Houston watershed-isolated E. coli
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potentially increased antibiotic resistance based on elevated antibiotic resistance gene
expression (Pingfeng et al. 2018).
To determine whether the environmental isolates were better equipped to withstand Pb
exposure, a heavy metal observed and measured in our bayou water samples and indoor
dust samples, we compared their performances in pure culture and eukaryotic cell coculture proliferation oxidative stress resistance, and biofilm production assays. Not
surprisingly, the K. pneumoniae and K aerogenes environmental isolates indeed appeared
to be better adapted to Pb-exposure, likely on account of consistently high Pb levels in the
waters from which they were derived. To determine whether exposure to metal
contaminants found in Houston watersheds promoted adaptations in the environmental
isolates, both the ecological and reference strains were exposed to various Pb
concentrations. Pb levels were elevated in bayou water samples (Table 5), exceeding THH
criteria of 1.15 ppb and approaching the actionable levels of 15 parts per billion (ppb) limits
on drinking water (https://www.epa.gov/dwreginfo/lead-and-copper-rule#rule-summary)
prompting the investigation. Initially, a range of Pb concentrations, including (1 ppb, 10
ppb, and 50 ppb), was tested; only the 50 ppb Pb challenge significantly slowed bacterial
growth for all 4 strains evaluated. At the same time, the K. pneumoniae environmental
isolate appeared less sensitive to Pb-exposure than its reference strain (Fig.12). When
compared directly following 50 ppb Pb-challenge, both the K. pneumoniae and K.
aerogenes environmental isolates had significantly greater biomass than their
corresponding reference strains (Fig. 12), suggesting potentially beneficial ecological
adaptations. Interestingly, the environmentally isolated K. aerogenes had substantially
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higher biomass than its reference strain at all time points evaluated for unclear reasons
(panel B).
Other studies demonstrated that heavy metal Pb exposure could affect oxidative stress
resistance, bacterial growth, and the virulence capability of Klebsiella species bacteria
through enhanced biofilm production when in pure culture bacteria (Suraju et al., 2015).
Gram-negative bacteria cell superficial structures such as fimbriae, flagella, and LPS
contribute to permanent interactions and produce the first attachment. Several studies
showed Biofilm-associated alterations in lipopolysaccharide (LPS), a significant element
of all Gram-negative bacterial outer membranes. Type 1 or type 3 fimbriae and the capsule
and the LPS are the virulence factors primarily implicated in K. pneumoniae developing as
a biofilm. Type 3 fimbriae have been shown to be the significant appendages that mediate
the formation of biofilms on biotic and abiotic surfaces and the attachment to endothelial
and bladder epithelial cell lines (Schroll, Barken, et al. 2010). Moreover, it could be related
to biofilm-associated phenotype in Gram-negative bacteria (Donlan 2002, Chalabaev,
Chauhan, et al. 2014). The defense mechanism of Klebsiella spp. to persist and survive in
the pollutant environment could rely on different virulence factors.
To determine whether the possible environmental adaptations extend beyond sustained
growth during Pb-exposure, we measured the impact of Pb-exposure on oxidative stress
resistance was evaluated as well. On solid medium, no apparent differences were observed
when the K. pneumoniae strains were challenged with a range of Pb concentrations (0.5,
5, or 10 ppb) (Fig. 14, panel A), in agreement with what was observed in liquid culture
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(Fig. 13). However, differences became apparent when in the presence of 0.4mM of H2O2.
More specifically, even without Pb-challenge, the reference strain appeared more sensitive
to 0.4mM H2O2 than did the environmental strain. Pb exposure at all concentrations did
not affect the environmentally isolated strain’s growth (panel B). Regarding K. aerogenes,
mirroring what was observed for K. pneumoniae, no apparent differences were observed
when the K. aerogenes strains were challenged with a range of Pb concentrations (0.5, 5,
or 10 ppb) (Fig 15, panel A). However, when challenged with either 5 or 10 ppb Pb, the
environmental K. aerogenes outgrew the reference strain when in the presence of 0.4mM
of H2O2 (Fig 15, panel B). Growth on higher concentration H2O2 plates of 1 and 10 mM of
H2O2 was not observed regardless of Pb exposure (data not shown).
Since it appeared that both Klebsiella environmental isolates were better able to tolerate
Pb exposure as it related to their growth and oxidative stress resistance than their
corresponding reference strains, their biofilm production was also examined to determine
whether it was similarly enhanced. Interestingly, significantly enhanced biofilm formation
was observed in the environmental K. pneumoniae strain relative to the reference strain
when challenged with 10, 20, and 50 ppb of Pb (Fig. 5A). Similarly, the environmental K.
aerogenes isolate exhibited significantly enhanced biofilm production at 5, 10, and 50 ppb
of Pb (Fig. 5B). However, no significant differences in biofilm formation were observed
for either set of Klebsiella species when exposed to lower concentrations of 0.5 and 1 ppb
of Pb (Fig. 5). Several studies confirmed K. pneumoniae has various virulence factors,
especially LPS, fimbriae, antiphagocytic capsule, membrane transporters, and siderophores
(Clegg and Murphy 2016), which allow K. pneumoniae to survive the immune invasion
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during infection. K. pneumoniae to develop a biofilm (Vuotto et al. 2014; Chung 2016)
protects the pathogen from the host immune responses and antibiotics; moreover,
enhancing

its

persistence

on

epithelial

tissues.

(Jagnow

and

Clegg 2003;

Bandeira et al. 2014).
The Relationship between Biofilm and Antibiotic Resistance of Klebsiella spp. has been
proven that some relationships occur between antibiotic resistance and the biofilm-forming
ability of K. pneumoniae strains. For example, the power of 150 K. pneumoniae strains,
isolated from urine and sputum, to produce biofilm exhibited a significant correlation with
their Extended-spectrum Beta-Lactamase (ESBL) production. In statistics, among the
44.7% biofilm formers, 45.3% of them generated ESBLs (Yang and Zhang 2008). Later,
in 2012 a potential analysis for one-handed urine samples from catheterized patients with
urinary tract infection symptoms revealed that 80% of the biofilm-producing strains over
six months demonstrated the multidrug-resistant bacteria phenotype. In specific, biofilmpositive isolates indicated 93.3%, 83.3%, 80%, and 73.3%resistance to nalidixic acid,
ampicillin, co-trimoxazole, and cefotaxime, correspondingly (Subramanian et al. 2012). In
recent years, conservatively, the effort against antibiotic resistance development has mostly
taken place in clinical and environmental settings, pointing to decrease transmission and
avoid the selection of resistant bacteria during antibiotic treatment. Heavy metals and
antimicrobials may apply additional pressure on bacteria, resulting in the accumulation of
heavy metal resistance genes in plasmids transmitted to other bacteria within the
environment. The presence of antibiotic-resistant bacteria in the natural environment
increases because plasmid-encoded genes confer antibiotic resistance are becoming more
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dominant in gram-negative bacteria. Yamina et al., 2012, were isolated and screened 13
different heavy metal and antibiotic-resistant bacteria from the wastewater of Wadi El
Harrach in the east of Algiers. The heavy metal consists of lead-, chromium- zinc-, and
cadmium-resistant bacteria; The metal-resistant isolates were Gram-negative (77%) and
Gram-positive (23%) bacteria (Yamina et al. 2012).
Furthermore, Klebsiella pneumoniae and Klebsiella aerogenes are commonly labeled as
resistant nosocomial infections pathogens (Arpin, Coze, et al. 1996, Fernández-Canigia
and Dowzicky 2012). In these two species, the genes involved in expressing the multidrug
resistance (MDR) phenotype was marRAB, acrAB-tolC, and ramA (Schneiders, Amyes
et al. 2003, Masi, Pagès, et al. 2005). Earlier findings suggested that environmentally
isolated E. coli from Houston watersheds was potentially more resistant to antibiotics based
upon upregulated antibiotic resistance gene expression (Pingfeng et al. 2018).
As a result, the environmentally isolated Klebsiella spp. were evaluated for increased
resistance to antibiotic chemotherapeutics: ampicillin, gentamicin, streptomycin,
penicillin, tetracycline, and erythromycin. Interestingly, the K. aerogenes environmental
isolate was less sensitive to gentamycin, streptomycin, and tetracycline than the reference
strain as evidenced by smaller inhibition zones [12 mm vs. 16 mm, 20 mm vs. 22 mm, and
13 mm vs. 15 mm, respectively (Table 9). In fact, the inhibition zones observed indicated
that the K. aerogenes environmental isolate was resistant to ampicillin, gentamicin,
tetracycline, and erythromycin based on Clinical Laboratory and Standards Institute
thresholds (Table 9). The K. pneumoniae environmental isolate was similarly less sensitive
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than its reference strain to gentamycin, streptomycin, and tetracycline than its reference
strain, as evidenced by smaller zones of inhibition [13mm vs. 16 mm, 18 mm vs. 20 mm,
and 7 mm vs. 10 mm, respectively (Table 9); however, based on CLSI standards, the K.
pneumoniae environmental isolate was only resistant to ampicillin (Table 9).
By extension, we employed two representative opportunistic pathogens K. pneumoniae,
and K. aerogenes (which are also part of the human gut microbiota), to determine their
behaviors versus references strains cultures and co-culture with human lung epithelial
Beas-2B, gut epithelial CCD 841 cells. In so doing, this approach better enables us to
model how primary lung and gut microbiota (in their native environment) could react when
exposed to heavy metal Pb contaminants. Using different concentrations of Pb (dosedependent) µg/L concentrations determined to not adversely affect the growth rates of pure
bacterial cultures (Suraju et al. 2015), we equally observed that pure culture growth curves
for both environmental and reference strains are also adversely affected in liquid culture.
More specifically, both environmental isolates outgrew their reference strain counterparts
in pure-culture and eukaryotic co-culture growth in the presence of Pb. They exhibited both
increased biofilm production and increased resistance to oxidative stress. We observed the
eukaryotic co-culture experiments. It is worth noting that while Pb exposure to Beas-2B
cells alone resulted in a loss of viability, Pb exposures of 1, 5, and 10 ppb resulted in only
approximately 40% cytotoxicity after 6 hr. exposure. Therefore, during our 6 hr. co-culture
infections, most Beas-2B lung cells were viable during the modeled lung infection. For gut
epithelial CCD841 cells lost their viability but were less sensitive than lung cells to heavy
metal Pb.
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Interestingly, the two environmentally isolated Klebsiella spp. They displayed different
Pb-tolerance profiles. This was perhaps due, in part, to the fact that they were not isolated
from the same Houston area bayous and adapted to slightly different waterborne toxicants
and stressors. Whereas K. pneumoniae was isolated from Mustang Bayou (3.2 and 7.3 ppb
Pb in the summer and fall, respectively), K. aerogenes was isolated from Dickinson Bayou
(0.5 and 2.8 ppb Pb in the summer and fall, respectively). Consistently higher Pb levels in
the water and dust may be what caused the K. pneumoniae to isolate to tolerate better Pb
exposures than the K. aerogenes isolate. However, there are potentially other unobserved
contaminants in both bayous that may have also contributed to the Pb-tolerance threshold
differences. And again, the virulence factor could play a significant role in the Klebsiella
pathogenicity to adhere to the host epithelial tissues differently depending on phenotypic
diversity, as another study showed ever since adherence is necessary for invasion, K.
pneumoniae uses type 1, 3, or 6 pili or to a nonfimbrial protein adhesin (DarfeuilleMichaud et al., 1992; Duguid et al., 1959), to colonize human respiratory tract,
furthermore; the bacterial proliferation in the host tissues depend on the synthesis of
capsular polysaccharide (Merino et al., 1992).
The intestinal microbiota in the human gut epithelial cells plays a significant role in human
health by enhancing the host immune function and providing protection against pathogenic
bacteria (Guinane et al., 2013). Agitations of the microbial gut can severely affect human
health, either helpful or harmful (Ley et al., 2006a). For instance, disturbances of the gut
microbiota can lead to intestinal disease states, including inflammatory bowel disease
(IBD), obesity (Ley et al., 2006b; Zhang et al., 2009), malnutrition (Kau et al., 2011),
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encompassing ulcerative colitis (U.C.), and Crohn's disease (Frank et al., 2007).
Additionally, gut microbiota disturbances can also lead to systematic diseases such as
diabetes (Quin et al., 2012). Moreover, epidemiological surveys linked air pollution
exposure to gastrointestinal disorders, including inflammatory bowel disease (IBD)
(Kaplan et al., 2010; Anandakrishnan et al., 2010), appendicitis (Kaplan et al., 2013),
irritable bowel syndrome (Kaplan et al., 2012) and enteric infections in infants (Chen et
al., 2008). Moreover, studies showed water and food supply could be significantly
contaminated by pollutant particulate matter (Beamish et al., 2011; De Brouwereet al.,
2012).
They correspond to Lomer et al. (2004), on a typical Western diet, about 1012–1014
particles are ingested per day by an individual, with an estimated mucosal uptake of ~1%
(109–1012 per day). In our study, co-cultured with CCD 841 in the presence of 20 µg/L
of heavy metal Pb. Both environmental strains of K. pneumoniae and K. aerogenes
demonstrated a significant increase in proliferation for 6 hours of infection than their
reference strains as other experiments have demonstrated that bacteria adhere to epithelial
cells through numerous adhesins, lipopolysaccharides (LPS) (Hancock et al., 1983),
several exoenzymes (Baket et al., 1991), including pili (Chi et al., 1991; Doig et al., 1990),
and exopolysaccharides (Ramphal et al., 1985). This phenotype observed might be because
many genetic factors are thought to be important in the pathogenesis of Klebsiella spp
(Oelschlaeger et al., 1997).
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Although Klebsiella species produce polysaccharides capsules, only K. aerogenes is
motile. Interestingly, when characterizing bacterial resistance to antibiotics, gentamicin
streptomycin, and tetracycline, only one of the environmental isolates exhibited increased
resistance to the three antibiotics mentioned above. Only the ecological K. pneumoniae
was more resistant than the reference strain to the three antibiotics mentioned earlier.
Surprisingly, the same was not suitable for the environmental K. aerogenes strain
compared to its reference strain. Taken together, our data demonstrate that environmental
Gram-negative enteric pathogens have the potential to promote their virulence potential
through exposures to various toxicants, including heavy metals like Pb. Through increased
biofilm formation and resistance to oxidative stress, Gram-negative pathogens, like the
Klebsiella spp., could pose additional threats to human health. As a result, people using the
bayous for recreational purposes need to be aware of these potential threats.

104

CHAPTER 5
SUMMARY, LIMITATIONS, AND RECOMMENDATIONS
SUMMARY
In conclusion, the more urban watersheds had higher bacteria load concentration ranges
at downstream monitoring locations. They also were less vulnerable to temperature
variations and more strongly influenced by rainfall events. The median flow in the more
urban bayous is Frequent rainfall in the region, combined with relatively long travel
times in the bayous, results in elevated bacterial quantities in the bayous. It was
observed that bayous were closer to the densely populated urban center, such as Horse
pen, Mustang, and Dickenson Bayous. They had significantly higher enteric bacterial
loads. Enteric Pathogenic bacteria had isolated by detection 16S Ribosomal RNA gene
from a different location, Mustang and Dickenson Bayous recorded the highest enteric
bacteria isolation. The rural area watersheds recorded the highest load of pathogenic
fecal coliform bacteria due to human, animal, and plant activities.
All 17 down-selected colony isolates (including 6 Gram-positive isolates) were
identified (using ribotyping and BLAST analysis) and included three human enteric
pathogens: K. pneumoniae, K. aerogenes, and Serratia marcescens. For all downstream
applications, we characterized the Mustang Bayou K. pneumoniae and Dickinson
Bayou K. aerogenes pathogenic isolates. The Chemical analysis ICP-MS analysis
results for the water samples from Mustang bayou indicated higher than recommended
criteria limit concentrations of Pb.
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For the indoor settled dust samples, the total bacteria pollution in the indoor dust
samples was recorded in an urban area near industries and major highways, and
airports.
Indoor dust, total bacteria load in Indoor dust samples were recorded in an urban area
near industries and highway points. The Total and Enteric bacteria loads indicated that
the concentrations were maximum in the southeast locations and the central parts of
Harris, Fort Bend, and Brazoria Counties nearest main highways, airports, and
railroads. Minimum bacteria populations were observed in locations northwest of
Harris County and some parts of the central region (Fort Bend) and northwest counties
(Waller and Austin) of the Greater Houston area. Enteric pathogenic respiratory
bacteria species were isolated from high polluted dust sample locations. The total
Enteric Gram-negative bacteria loads were recorded less than the Gram-positive
population, resulting in bacterial load determinations in the Indoor; we down-selected
20 colonies from different 30 household samples. Most isolates were Gram-positive
bacteria belong to Bacillus spp.; however, few Gram-negative bacteria have been
isolated like K. aerogenes spp., Pantoea spp. For the Oxidative Stress Assay, the
reference Klebsiella strains appeared more sensitive to 0.4mM H2O2 than did the
environmental types. Pb exposure at all concentrations did not affect the
environmentally isolated strain's growth. Significantly increased biofilm formation was
observed in the ecological Klebsiella species relative to their reference strains when
challenged with 10, 20, and 50 ppb of Pb. Antibiotic susceptibility and sensitivity tests,
both environmental Klebsiella species were more resistant than their reference strains.
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Our findings suggest particles within Pb synergistically induce a higher biofilm
production on pure culture bacteria. Significantly increased biofilm formation was
observed in the environmental Klebsiella species relative to their reference strains when
challenged with 10, 20, and 50 ppb of Pb.
Pb recorded the highest cytotoxicity effects on both Lung and gut cells with increased
dose-dependent concentration over time. When co-culture with human lung Beas-2B
and gut CCD 841 epithelial cells, there was a significantly increased bacteria
proliferation for K. pneumoniae and K. aerogenes, environmental strains co-culture,
compared with their reference strain in the presence of Pb. In addition, the ecological
isolates of K. pneumoniae and K. aerogenes had a significantly higher fold increase
over 6 h than their respective reference strain in the eukaryotic cell co-culture in the
presence of Pb. (Higher Multiplicity of infection). However, this study gives us insights
into the effect of Pb on pure culture bacteria environment Vs. Reference strains. As
well as co-culture bacteria in vitro, an in-vivo study would have given us a better
understanding of how the chemical contaminants influence the microbiome.
It has taken together with the environmentally isolated Klebsiella spp. It appeared to
be more Pb-tolerant than their respective reference strains, a possible environmental
adaptation. However, such enhanced tolerance can promote environmental persistence
and increase the possibility of causing human disease.
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RECOMMENDATIONS
Future studies will be focused on the impact of focused on the infection assay on
animals’ modules to measure their immune defense mechanisms and the immune
response. Moreover, understanding the phenotypic and genetic level among Klebsiella
spp. Bacteria.
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