Clemson University

TigerPrints
All Theses

Theses

5-2022

Toward Sustainable Urban Food Production: Integrating
Hydroponic Cultivation with Wastewater Reuse
Amanda Tan
adara@g.clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
Part of the Biological Engineering Commons, and the Bioresource and Agricultural Engineering
Commons

Recommended Citation
Tan, Amanda, "Toward Sustainable Urban Food Production: Integrating Hydroponic Cultivation with
Wastewater Reuse" (2022). All Theses. 3767.
https://tigerprints.clemson.edu/all_theses/3767

This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for
inclusion in All Theses by an authorized administrator of TigerPrints. For more information, please contact
kokeefe@clemson.edu.

TOWARD SUSTAINABLE URBAN FOOD PRODUCTION:
INTEGRATING HYDROPONIC CULTIVATION WITH
WASTEWATER REUSE

A Thesis
Presented to
The Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Master of Science
Biosystems Engineering

by
Amanda Marie Tan
May 2022

Accepted by:
Dr. Diana Vanegas, Committee Chair
Dr. Jeffrey Adelberg
Dr. Terry Walker

ABSTRACT
The growing crisis of freshwater scarcity together with the increasing global food
demand directs attention to the need for alternative water sources for agriculture. The research
presented here engages this need by carrying out indoor cultivation of food crops in Nutrient
Film Technique (NFT) hydroponic systems using residential wastewater. Randomized single
factor experimental designs were used to investigate the physiochemical and microbiological
makeup of the hydroponic nutrient solution throughout the cultivation cycle and their
relationship with different plant development parameters.
For agricultural wastewater reuse to be of low risk to human health there must be
some advancement in pathogen monitoring methods to allow for a rapid, user-friendly, and lowcost way to quickly diagnose the presence of pathogens and thus prevent an outbreak of
foodborne illness. This research also investigated the use of DNA amplification to detect the
indicator organism E. coli in hydroponic nutrient solution. This work presents an iteration of
development of a molecular assay based on loop-mediated isothermal amplification (LAMP)
using the BioRanger device from Diagenetix Inc. to amplify and detect the malB gene of E. coli.
Lettuce plants successfully grew in NFT hydroponic systems using simulated
wastewater solution inoculated with low (1 CFU/mL) and high (10,000 CFU/mL) E. coli
concentrations, thus demonstrating that the concept of wastewater reuse for urban agriculture is
possible. The outcomes of the experiments show that lettuce grown with half-strength fertilizer
supplemented with simulated wastewater contained higher levels of nitrogen, phosphorus, and
potassium in the leaf tissue than lettuce grown with full-strength conventional fertilizer.
A LAMP protocol was developed, and a primer set and reagent kit were chosen.
The LAMP molecular assay underwent several phases of troubleshooting in an attempt to find
ii

the optimal assay conditions. Though the assay did not achieve successful DNA amplification,
several key observations and recommendations are given to guide future experiments. A portable
method of rapid and sensitive pathogen detection would increase the scientific and agricultural
communities’ ability to conduct real-time analytical testing of irrigation water in non-laboratory
settings. This work points out the current lack of wastewater reuse guidelines specific to
hydroponics, an area that requires further research in order for integrated wastewater reuse and
food production systems to be implemented in urban areas.

Keywords: wastewater reuse, hydroponic, sustainable agriculture, nutrient film technique, loopmediated isothermal amplification, pathogen detection, urban agriculture, decentralized, food
system
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CHAPTER ONE
HYDROPONIC CULTIVATION WITH SIMULATED WASTEWATER

1. Introduction
Several factors contribute to the global need for alternative water and nutrient sources for
agriculture. One clear contributor is the world’s growing population, which will increase the
demand for food production (Sands et al., 2014). Consequently, freshwater demand is expected
to increase, which is highly undesirable since the agricultural sector already accounts for 70% of
water drawn from aquifers, streams, and lakes (Food and Agriculture Organization of the United
Nations & Earthscan, 2011). Another complicating factor is the prediction that drought intensity
and frequency will increase in the United States and throughout the world due to climate change
(United States Department of Agriculture, 2017). For these reasons it is becoming increasingly
important to identify alternative water sources that will be available for agriculture as a
mechanism to relieve pressure on the existing freshwater resources. In addition to the high
freshwater demand of the agricultural sector, industrialized food systems depend heavily on
synthetic fertilizer inputs (Smil, 2000). Some nutrient inputs are non-renewable such as mined
phosphate rock, which is depleting at a rapid rate (Daneshgar et al., 2018).
One strategy to alleviate freshwater scarcity and food insecurity is wastewater reuse
combined with hydroponic crop cultivation. Hydroponics is an agricultural technique in which
plant roots grow in an aqueous substrate instead of soil. A solution of water and nutrients is
applied to the roots and the substrate serves the function of retaining moisture and air necessary
for plant development. Hydroponic agriculture can be performed with a variety of adaptable
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techniques that vary the substrate material, route and timing of irrigation, and complexity of
equipment (Frasetya et al., 2021; Hidayat et al., 2021; Mingjun & Jie, 2018).
There are several potential advantages of using hydroponic agriculture including efficient
water use from the lack of runoff, efficient use of growing space with vertical arrangements,
versatility of location because no arable land is needed, and the ability to produce crops yearround (Cifuentes-Torres et al., 2020). Additional potential benefits arise when we consider using
wastewater as the nutrient and water source in hydroponic systems. One such benefit is the
reduction of fertilizer costs because the nutritional composition of the wastewater may lessen the
need for synthetic fertilizer (Meneses et al., 2010). Minerals present in wastewater that could
supplement fertilizer include phosphorus, nitrogen, and potassium as well as trace elements such
as manganese, magnesium, iron, and zinc (Tymchuk et al., 2020). Another benefit is the
reduction of energy costs from conventional wastewater treatment because certain wastewater
streams may be able to be diverted directly for use in agriculture (Etnier, 2007). Perhaps the most
exciting potential benefit is the opportunity for decentralized wastewater treatment and food
production.
Decentralized wastewater treatment describes a variety of treatment options tailored to
the needs of individual homes or facilities, clusters of homes, or whole communities (United
States Environmental Protection Agency, n.d.). Decentralized systems are typically used in rural
areas where the spread of the population does not merit having a centralized plant and extensive
conveyance system (Haddad & Mizyed, 2011). One notable aspect of decentralized treatment is
that the treatment system is typically located close to the point of wastewater generation. This
proximity increases a community’s awareness of how land and energy is used in their sanitation
process. There are many examples of decentralized wastewater treatment being used throughout
2

the world to benefit rural areas. One such example is a school of 11,000 students located in the
town of Badlapur in India. A sanitation building was constructed in 2006 that facilitates a variety
of waste reuse options including anaerobic digestion of solid waste to produce renewable natural
gas (methane) usable for cooking, as well as a constructed wetlands that treats liquids from the
settling tanks and irrigates the gardens on-site (Werner et al., 2009). While decentralized
treatment has historically been used in rural areas, it is likely that in the coming years urban areas
will adopt decentralized wastewater treatment infrastructure that rural areas have already relied
on for some time. The current reality and future prospect of harsh drought, for example the
record low levels of the Hoover Dam’s reservoir in August of 2021, are making decentralized
systems more appealing and necessary (Castillo, 2021).
Several unknowns in the literature need to be answered before wastewater reuse with
hydroponic systems can be a viable method of crop cultivation for urban areas. Previous research
on wastewater reuse for food production has mostly focused on irrigation of soil-grown crops.
For soil-based application, studies have shown that some level of pre-treatment of the wastewater
is required prior to being used for irrigation due to the risk from human pathogens present in the
wastewater (Oyama et al., 2009). The question of the necessity of pretreatment of wastewater for
application in hydroponics still needs to be fully answered. Other issues include the scalability of
hydroponics, and the need to develop standardized horticultural practices that are tailored to the
setting of simultaneous crop production and wastewater treatment. More specifically, best
practices need to be developed for the selection of plant species and substrates that maximize
nutrient uptake and minimize the risk of transmitted pathogens. Guidelines for the operational
parameters (pH, electrical conductivity, etc.) and the choice of hydroponic technique/irrigation
system need to be developed as well (Magwaza et al., 2020). Lastly, the disadvantages of
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hydroponics need to be considered, including dependence on electricity, easy spreading of
waterborne pathogens, and the need for frequent monitoring and maintenance.
Therefore, the objective of this research was to investigate the feasibility of growing
crops in hydroponic systems using wastewater for fertigation, as well as to evaluate the microbial
safety and the nutritional quality of the harvested produce. The specific hydroponic technique
used in this project was the nutrient film technique (NFT), in which the nutrient solution is
pumped continuously through sloped channels, irrigating the roots without contacting the shoots
of the plant. The recirculation of the nutrient solution optimizes the removal of nutrients.
Investigating the behavior of pathogens in the recirculating nutrient solution and determining
their effect on plant growth and quality will provide a better understanding of how to safely
apply wastewater reuse in hydroponic systems.
Central Hypothesis (Ha): Hydroponic lettuce cultivation based on fertigation with domestic
wastewater results in different crop yield and produce quality than hydroponic lettuce fertigated
with a standard synthetic nutrient solution.
Null Hypothesis (H0): Hydroponic lettuce cultivation based on fertigation with domestic
wastewater results in the same crop yield and produce quality as hydroponic lettuce fertigated
with a standard synthetic nutrient solution.

4

Figure 1.1. Cyclical process of decentralized crop production combined with wastewater reuse.

2. Methods
Experimental Site and Conditions
Lettuce plants were cultivated indoors in a windowless, temperature-controlled
room at Rich Laboratories (34°35'08.8"N 82°49'12.3"W) during the summer in South Carolina.
The room experiences an average relative humidity of 65% and an average internal temperature
of 20.9 C (26.0 C maximum, 16.5 C minimum) in the summer. This area of the state typically
experiences hot and muggy summers with maximum temperatures of around 32.2 C.
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Experimental Design and Setup
A randomized single factor experimental design was used to evaluate the effects of the
nutritional and microbial composition of the irrigation water. To analyze the nutritional
composition the following controls and treatment were applied to the nutrient solution: OASIS
hydroponic fertilizer in the concentration recommended for lettuce, 150 ppm-N (Positive
control), half-strength OASIS hydroponic fertilizer, 75 ppm-N (Treatment), and no hydroponic
fertilizer (Negative control). The Treatment and Negative control were supplemented with a
simulated wastewater solution. To analyze the microbial composition the following control and
treatments were applied to the nutrient solution: 150 ppm-N hydroponic fertilizer (Control), a
low concentration of E. coli (Treatment 1), and a high concentration of E. coli (Treatment 2).
The components of the OASIS hydroponic fertilizer are shown in Table 1.1.

Fertilizer Component

Percentage
(% by weight)

Total Nitrogen
Ammoniacal Nitrogen
Nitrate Nitrogen
Available phosphate (P2O5)
Soluble potash (K2O)
Calcium (Ca)
Magnesium (Mg)
Boron (B)
Copper (Cu)
Iron (Fe)
Manganese (Mn)
Molybdemun (Mo)
Zinc (Zn)

16
3.4
12.6
4
17
4
1.5
0.022
0.04
0.22
0.05
0.0079
0.052

Concentration
in solution
(mg/L)
158.312
33.641
124.671
39.578
168.207
39.578
14.842
0.218
0.396
2.177
0.495
0.078
0.515

Table 1.1. Composition of OASIS hydroponic fertilizer and nutrient concentration
according to recommendation for hydroponic lettuce.
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The background variables include ambient temperature, humidity, NFT flowrate
(controlled), lettuce type (controlled), and light source (controlled). The response variables
include plant growth rate, E. coli internalization in plant tissue, nutrient content of mature shoots,
physiochemical behavior of nutrient solution, and depletion rate of nutrient solution
Each control or treatment group was assigned to its own section of the hydroponic
system. Each section was composed of four parallel channels (6 meters long by 12 centimeters
wide each) made from vinyl gutters, one tank for holding the nutrient solution (TuffStuff TM, 40gallon capacity), a 320 GPH pump (UnicLife UL-320 Submersible Pump), and a manifold made
of PVC pipe and plastic tubing. A schematic of four hydroponic units is shown in Figure 1.2.
The manifold connects to the upper end of each channel so that the pumped water flows down
the channel, returns to the tank, and continues to recirculate. A schematic of the recirculating
nutrient solution is shown in Figure 1.3. The channels were supported in a sloped position by a
wooden table. Quarter-inch polystyrene foam board was used to cover each channel to prevent
algae growth. Each channel had four lettuce plants for a total of 16 plants per nutrient solution
tank. Each tank was filled with 32 gallons (approx. 120 liters) of its appropriate nutrient solution
or wastewater composition.
The indoor setting where the hydroponics system was set up had no windows and no
natural light, as shown in Figure 1.4. The light source for the crops was provided by four LED
grow lights (Mars Hydro TSL 2000W) that were set to a cycle of 18 hours of light and 6 hours of
darkness. The lights were hung about four feet above the top of the hydroponic system. The
photosynthetic photon flux density (PPFD) reaching the plants in the hydroponics ranged from
100 µmol/m2/s at the outermost edges of the table to 300 µmol/m2/s in the center of the table. A
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light map shown in Figure 1.5 contains the PPFD values received by the hydroponic systems. A
quantum PAR meter was used to measure the PPFD (Hydrofarm, Petaluma, CA, USA).

Figure 1.2. Schematic of four hydroponic units, with parts labeled.
A. Nutrient solution reservoir with pump at bottom (pump not shown); B. PVC pipe that carries
water to the upper end of the channels; C. Tubing connects the PVC pipe (part B) to the NFT
channel (part D); D. Each channel holds plants and allows the nutrient solution “film” to flow
among the plant roots and to the lower end of the channel; E. One perpendicular gutter serves as
the outlet to guide the nutrient solution back into the reservoirs; F. A hydroponic unit consisting
of four channels. (Not pictured: wooden support structure that holds channels up).

Figure 1.3. Flow pattern of the recirculating nutrient solution.
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Figure 1.4. Set-up of indoor hydroponics system. (Top left) Lettuce seedlings in OASIS
hydroponic media prior to transplanting; (Top middle) Empty NFT hydroponics system; (Top
right) Two nutrient solution tanks covered with vinyl; (Bottom left) NFT system on day of
transplanting; (Bottom right) NFT system about five weeks after transplanting.
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Figure 1.5. Photosynthetic Photon Flux Density (PPFD, µmol/s-m2) aerial-view map showing
the light conditions received by the hydroponic lettuce plants from four LED grow lights above
the two hydroponic systems (3.25m by 1.5m each). Red boxes show areas receiving 215+
µmol/s-m2; orange boxes receive 115-214 µmol/s-m2; yellow boxes receive <115 µmol/s-m2.

Lettuce Seed Planting
The cultivar used in this research was Nancy Organic Pelleted Lettuce Seed (Johnny’s
Selected Seeds, Fairfield, ME, USA). The seeds were planted in hydroponic media (Horticubes
XL, OASIS Grower Solutions, Kent, OH, USA) in 1020 web-bottom flats and placed in a
greenhouse propagation room kept at 22.2 C and under intermittent tap water mist (4 seconds of
mist every half hour during daylight hours). After germination, the seedlings were removed from
intermittent mist and were watered as-needed (when the bottom of the media felt dry to touch)
with 150 ppm-N nutrient solution (16-4-17 OASIS Complete Hydroponic Fertilizer). After 14
10

days, the lettuce seedlings were transplanted into the hydroponics system. From seed planting to
harvest, the growing period for the experiment was June 20, 2020, to August 25, 2020.

Simulated Wastewater Preparation
A solution of 360 L (95.1 gal) of simulated wastewater was prepared by following the
formulation by Nopens et al. (2001), as shown in Table 1.2. The 360 L was divided into three
portions of 120 L for the three appropriate tanks.
Table 1.2. Composition of synthetic wastewater (Nopens, et al., 2001)
Chemical
Compounds
Urea
NH4Cl
Na-acetate.3H20
Peptone
MgHPO4.3H2O
KH2PO4
FeS04.7H20
Food Ingredients
Starch
Milk powder
Yeast
Soy Oil
Total

91.74
12.75
131.64
17.41
29.02
23.4
5.8

Nitrogen
Concentration
(mg/L)
42.81
3.52
0
0.67
0
0
0

Potassium
Concentration
(mg/L)
0
0
0
0
5.14
3.14
0

122
116.19
52.24
29.02
-

0
6.95
6.28
0
60.23

0
1.14
0
0
9.42

Concentration (mg/L)

Trace Metals
Cr(NO3)3.9H2O
CuCl2.2H2O
MnSO4.H2O
NiSO4.6H2O
PbCl2
ZnCl2

0.77
0.536
0.108
0.336
0.1
0.208
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Microbial Inoculum Preparation
In addition to the SWW composition, two cultures of E. coli K12 (non-pathogenic) were
prepared to achieve the target high and low concentrations of E. coli (10,000 CFU/mL and 1
CFU/mL, respectively). To make the inocula, a liquid culture was prepared from a cryovial of E.
coli K12 and LB broth and incubated for 24 hours at 37 C and 210 RPM. The resulting
concentration of the culture was estimated by measuring the OD600 value with a
spectrophotometer using LB broth as the blank. The average absorbance value was multiplied
with the appropriate conversion factor for E. coli (800,000,000) to estimate the CFU in the starter
culture. Then the two volumes of 25 mL of sterile LB broth were inoculated with specific
volumes of the starter culture (volumes VS,H and VS,L in Table 1.3) to achieve the target high and
low concentrations. The E. coli cultures were added into the nutrient solution tanks on the same
day that the lettuce seedlings were transplanted into the hydroponic systems.
Table 1.3. Variables, values, and equations used to calculate the volume and concentration of the
E. coli and LB broth the tank inoculum
Variable
CH

Value or Equation
10,000 CFU/mL

Description
Target conc. in tank (high level)

CL

1 CFU/mL

CS

Calculated from OD600

VS

25 mL

VT

120,000 mL

Vi

25 mL

CHi

CH * VT / Vi

Target conc. of tank inoculum (high level), (CFU/mL)

CLi

CL * VT / Vi

Target conc. of tank inoculum (low level), (CFU/mL)

VS,H

(1000* CHi * Vi) / CS

Volume of starting culture to put into 25 mL tank
inoculum (high level), (uL)

VS,L

(1000* CLi * Vi) /CS

Volume of starting culture to put into 25 mL tank
inoculum (low level), (uL)

Target conc. in tank (low level)
Estimated conc. of starting culture (CFU/mL)
Volume of starting culture
Volume of tank
Volume of tank inoculum
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Monitoring Quantity and Quality of the Nutrient Solution
The nutrient solution of the control groups and treatments was monitored daily for its pH,
electrical conductivity (EC), and temperature using immersible probes (pH Meter and E-1
Portable TDS & EC Meter, Pancellent Inc., China). The pH sensor was calibrated once during
the system’s operation, and the TDS/temperature sensor was not calibrated by the user. The
liquid level of the tanks was measured weekly using a contactless liquid level sensor (XKC-Y25NPN Waterproof Non-Contact Liquid Level Sensor, Walfront LLC, Lewes, DE, USA) and the
data was used to estimate the depletion of nutrient solution level over time. The tanks were not
refilled or changed out during the experiment. No pH buffers were used in any of the nutrient
solution tanks. The ambient temperature and humidity were also monitored daily. During weeks
four to six the nutrient solution was sampled weekly and analyzed for total coliforms and E. coli
using the Quanti-Tray 2000 (IDEXX, Hamilton, NJ, USA). Due to lab service complications
during COVID, microbial testing of the nutrient solution was not performed during weeks one
and two, and in week three only E. coli analysis was done. It was intended that the presence of E.
coli in the nutrient solution would also be monitored weekly via loop-mediated isothermal
amplification (LAMP), but complications in the LAMP protocol development inhibited the
implementation of this technology in the hydroponic experiment (see Chapter 2 for more details).
Monitoring Plant Development
For each control and treatment group, five lettuce plants were randomly selected to be
monitored daily. Digital imaging as a non-destructive method of measuring plant features has
been well-researched and utilized (Chien and Lin, 2005; Humplik et al., 2015). The method
developed in this research draws upon the principles of pre-established methods while
minimizing equipment cost and image processing time. In this research, aerial imaging was
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performed to estimate the increase in leaf area over time as an index of plant growth. A custombuilt, wooden stand was used to situate a downward-facing camera to take aerial photos of the
lettuce heads at a fixed height and angle (Figure 1.6). To ensure consistent camera positioning
the mesh fabric covering the NFT channels was marked with tape to indicate where to set the
camera stand.

Figure 1.6. Camera stand for aerial images. (Left) Lightweight, custom-built camera stand sits
on NFT channels to take aerial photos of plants. (Right) Arrows are marked on the camera stand
and the channels’ surface to ensure a consistent location for each photo.
To supplement the imaging method of tracking plant growth for the indoor location, five
additional plants per treatment will be randomly selected and the number of true leaves will be
counted daily.
The images were processed in Photoshop using a semi-automated batch process that
quantifies the number of pixels of green area (i.e. the number of pixels of plant area) in each
photo. An equation was developed using a reference image of a 5 cm by 5 cm paper square of
known pixel quantity and area (Equation 1.1; Figure 1.7). This equation was applied in Excel to
convert the plant pixel values in each photo to actual leaf area (a sample of the Excel data is
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shown in Tables 1.4 and 1.5). The final leaf area values from this process were plotted on a
scatterplot and trends in leaf area increase were observed. A tutorial of the imaging and
Photoshop processes is accessible at https://www.youtube.com/watch?v=PSe6KNzPF7s.

𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒 (𝑐𝑚2 ) ∗ # 𝑜𝑓 𝑝𝑙𝑎𝑛𝑡 𝑝𝑖𝑥𝑒𝑙𝑠
𝐿𝑒𝑎𝑓 𝑎𝑟𝑒𝑎 (𝑐𝑚 ) =
# 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑖𝑛 𝑠𝑞𝑢𝑎𝑟𝑒
2

Equation 1.1

Figure 1.7. Sample of aerial images of lettuce. (Left) Reference photo of a 25 cm2 square;
(Middle) Unprocessed photo; (Right) Processed photo with the selected area of green pixels
outlined in a dashed line.

Table 1.4. Data outputs from the Photoshop process, showing an increase in plant pixels over
time.

Day of Operation
7
8
9
10
11
12

Date
7/16/2020
7/17/2020
7/18/2020
7/19/2020
7/20/2020
7/21/2020

S1P2
6314
6983
9122
11030
12277
13984

Number of Plant Pixels - System 1
S1P3
S1P5
S1P9
47193
24618
31644
52788
29462
37833
72171
37434
43916
99508
47771
54386
133789
69546
76341
179862
101875
92239
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S1P12
12988
19733
25861
37880
57626
88745

Table 1.5. Values of leaf area, calculated using the pixel values in Table 1.4.

Day of Operation
7
8
9
10
11
12

Date
7/16/2020
7/17/2020
7/18/2020
7/19/2020
7/20/2020
7/21/2020

S1P2
0.995
1.100
1.437
1.738
1.934
2.203

Leaf Area (cm2) – System 1
S1P3
S1P5
S1P9
7.436
3.879
4.986
8.317
4.642
5.961
11.372
5.898
6.920
15.679
7.527
8.569
21.080
10.958
12.029
28.340
16.052
14.534

S1P12
2.046
3.109
4.075
5.969
9.080
13.983

Average for System 1
3.868
4.626
5.940
7.896
11.016
15.022

(Note: The label “SXPX” in Tables 1.4 and 1.5 stands for System X Plant X. This labeling
system was used to help the researcher identify which plants were used for each procedure.)
Post-harvest Analyses of Lettuce
After running the indoor hydroponic system for about six weeks the lettuce plants
were harvested and every plant was weighed to assess the average fresh mass per system. To
determine moisture content, leaf samples were weighed before and after drying in a gravity
convection oven (Fisher Scientific 3511FS Gravity Convection Oven, Fisherbrand, Pittsburgh,
PA, USA) at 40 C for four days (Equation 1.2).
𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑤𝑒𝑡 𝑏𝑎𝑠𝑖𝑠, %) = ((𝐴 − 𝐵)/𝐴) ∗ 100

Equation 1.2

where A is the fresh weight of the leaf sample, and B is the dry weight of the leaf sample.
Afterwards, the dried samples were sent to Clemson University’s Agricultural
Service Laboratory for nutrient analysis via ICP (Inductively Coupled Plasma Spectroscopy)
Analysis. The resulting values were reported as the elemental form on a weight/weight basis as
either ppm or percentage. Additionally, lettuce leaf samples were shipped to the Microbac
Laboratories Inc. (Maryville, TN, USA) to be tested for the concentration of E. coli by AOAC
method 991.14. Half of the leaf samples were left unrinsed, and the other half were submerged in

16

a produce disinfection solution of 150 ppm chlorine for approximately 30 seconds (McGlynn,
2016).
Statistical Analysis
Statistical analysis was performed with the data of lettuce leaf nutritional content
(n=3), harvested mass (n=16), and lettuce leaf moisture content (n=3). The data sets were
submitted to one-way ANOVA and compared at the level of 0.05 probability using JMP software
(Statistical Analysis System, Cary, NC, USA).
3. Results and Discussion
A preliminary 4-week cultivation experiment was conducted in the Greenhouse Complex
of Clemson University. The results from this experiment are in Appendix A.
Effects of Nutritional Content of Hydroponic Nutrient Solution
The results below show data reflecting the effect of the nutritional composition of
the nutrient solution on plant growth. For the nutritional analysis the positive control contained
150 ppm-N hydroponic fertilizer, the negative control contained simulated wastewater, and the
only treatment contained simulated wastewater with 75 ppm-N hydroponic fertilizer.
Quantity and Quality of Hydroponic Nutrient Solution
The 16-4-17 OASIS Complete Hydroponic Fertilizer used in the positive control
and treatment contains 3.40% ammoniacal nitrogen and 12.60% nitrate nitrogen, which translates
to 33.54 mg/L ammoniacal nitrogen and 124.67 mg/L nitrate nitrogen. The nitrogen-containing
components in the simulated wastewater solution used in the negative control and treatment are
urea, NH4Cl, peptone, milk powder, and yeast. These components contribute 60.23 mg/L of
elemental nitrogen (Nopens et al., 2001). The urea supplied the majority of the nitrogen in the
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simulated wastewater; however urea must be hydrolyzed into ammonia and carbon dioxide in
order for the nitrogen to be available to the plant. This function is performed by the urease
enzyme present in microbial and plant cells (Granick, 1938).
The water quality parameters were monitored daily for all three groups, as shown in
Figure 1.8. The pH of the negative control and treatment increased during the first ten days of
operation and then gradually declined for the rest of the experiment. The high pH of the negative
control and the treatment is attributed to the composition of the simulated wastewater solution in
those groups’ nutrient solution. In contrast, the pH of the positive control began lower than the
negative control and treatment and decreased starting around 20 days after transplanting. The
drift in pH could be due to a variety of reasons. First, as the plants uptake ammonium (NH4+),
hydrogen ions are released and the pH of the nutrient solution surrounding the roots decreases
(Marscher et al., 1987). Additionally, the nutrient solution was not replenished during the six
weeks of operation, and the level of nutrient solution decreased over the course of the
experiment, as shown in Figure 1.9. The calibration curve used to convert the liquid height to an
estimate of liquid volume is shown in Figure 1.10. This may have caused an accumulation of
bacteria and trace minerals in the recirculating nutrient solution, causing a decline in the pH.
Another reason for the decreasing pH could be acids produced by anaerobic activity in the roots
zone due to disease, however no brown or slimy roots indicative of disease were observed in the
positive control plants during the experiment (Evans, 2019). Additionally, no slowing of the
positive control growth rate was observed during days 20-30 as the pH was decreasing. While
the exact cause of the pH drop is unknown, in a typical hydroponic operation the pH would be
controlled by balancing the ammonium and nitrate levels in the nutrient solution. Controlling the
pH allows for management of bacterial growth and nutrient availability (Gillespie et al., 2020).
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In this experiment however, the pH was not adjusted and therefore showed the influences of the
growing environment.
Throughout the experiment the electrical conductivity of the positive control and the
treatment remained higher than the negative control, and the treatment remained between the
positive and negative controls. This difference is attributed to the concentration of nutrients in
the fertilizer used in the positive control and treatment. The positive control contained the fullstrength concentration of fertilizer recommended by the manufacturer (150 ppm-N for lettuce),
and the treatment contained half of that concentration (75 ppm-N). The electrical conductivity
values of the negative control show an initial slight increase during the first few days, possibly
because of the SWW nutrients solubilizing as the solution recirculates. In contrast, the behavior
of the electrical conductivity of the positive control fluctuated day-to-day throughout the
experiment.
The indoor room was temperature-controlled by a thermostat but still experienced
temperature fluctuations day-to-day and throughout the day, with cooler temperatures in the
morning and warmer temperatures in the afternoon. As shown in Figure 1.8, over the duration of
the experiment the indoor ambient temperature ranged from about 15-27 C and the humidity
ranged from about 20%-50% with a slight upward trend over the six weeks of operation.
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a)

c)

b)

d)

Figure 1.8. Physiochemical behavior of hydroponic nutrient solution. Panels a) through c) Daily
values of various parameters of the hydroponic systems’ nutrient solutions: a) electrical
conductivity; b) pH; c) liquid temperature. Shaded areas indicate the appropriate range of the
parameter in regard to hydroponic lettuce cultivation (Henry et al., 2018). Panel d) Daily values
of ambient temperature and humidity in the indoor room where the hydroponics system was
located. Values represent the conditions at the time of data collection.
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Figure 1.9. Depletion of nutrient solution over time.
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Figure 1.10. Calibration curve relating the liquid level (height above tank bottom) to the volume
of liquid in the tank. A calibration was necessary because of the sloped sides of the nutrient
solution tanks.

In May 2020, a supplementary experiment was conducted with Michael Smith, an
undergraduate student in the Biosystems Engineering program at Clemson University. This
experiment investigated the potential for the liquid extract from Fermented Plant Juice (FPJ) to
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be used as a supplemental source of nutrients in hydroponic nutrient solution. The details of this
collaborative experiment are in Appendix B.
Yield and Moisture Content of Lettuce
Table 1.6 shows the average fresh mass, moisture content, and calculated dry mass
for one harvested lettuce head. Each group had the same number of lettuce plants in the channels,
and the fresh mass was taken as the fresh shoot mass of the lettuce heads after the roots and
media were removed. The positive control produced the highest average fresh mass and the
negative control produced the lowest average fresh mass of lettuce, less than half of what the
positive control produced. These results indicate that the simulated wastewater alone does not
provide the same nutrient content or availability as the conventional fertilizer in the positive
control. Additionally, the positive control produced the highest dry mass, and the treatment
produced the lowest dry mass. The two groups containing conventional fertilizer (positive
control and treatment 1) had the highest moisture content values. Though shelf life of the
harvested lettuce was not studied in this research, high water content in the plants would
negatively impact the shelf life of the crop and its ability to be shipped (Mathlouthi, 2001).
The leaf area was estimated using the non-destructive aerial imaging method
described in the Methods. As shown in Figure 1.11, it is seen that the leaf area of plants grown
without any conventional fertilizer (Treatment) plateaus at the end of the experiment, while the
two groups with fertilizer did not have a growth plateau.
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Table 1.6 Average fresh mass and dry mass per lettuce head for each treatment and control
group after removal of roots and media, and average moisture content of lettuce leaf samples
taken from harvested lettuce heads (n ≥ 3). Groups connected by the same letter are not
significantly different at an alpha level of 0.05.
Group

Average fresh mass per
lettuce head (g ± SE)

Average moisture content
(% ± SE)

Average dry mass per
lettuce head (g ± SE)

Positive control

142.28 ± 11.39 a

92.66 ± 0.95 a

10.44 ± 0.11 a

Treatment

135.41 ± 15.41 a

94.11 ± 0.16 a

7.98 ± 0.02 b

Negative control

81.11 ± 8.55 b

89.57 ± 0.20 b

8.46 ± 0.02 c

Figure 1.11. Daily average leaf area of lettuce plants (n=5). Values are estimates obtained from
aerial photos processed in Photoshop for green pixel count and converted to area.
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One source of uncontrolled experimental error is the nonuniform lighting conditions.
Four rectangle LED grow lights were used to provide light to the hydroponic lettuce. The grow
light dimensions were about 0.25 m by 1.0 m, and the lights were hung approximately four feet
above the top of the hydroponic system. Light conditions (high or low PPFD values) were not
considered as a blocking variable in this study. Light conditions as a nuisance variable may have
affected the dependent variable of plant growth, depending on where the randomly chosen
lettuce heads happened to be located within the hydroponics system. A recommendation for
future experiments is to use rotating lights to achieve consistent light conditions across the entire
surface of the hydroponics system. This would help minimize the lighting conditions interfering
with the responding variable of plant growth.
Nutrient Content of Lettuce
The results of the one-way ANOVA performed for lettuce leaf nutrient content
show that the null was rejected for all eleven nutrient categories (p-values shown in Table 1.7).
Therefore, it is concluded that the nutrient content means are not the same across all groups and
at least one mean is different in each category. All three groups had significantly different levels
of nitrogen and potassium from each other, but the positive and negative controls had statistically
similar levels of phosphorus. Additionally, treatment 1 (simulated wastewater with half-strength
fertilizer) had the highest N, P, and K content compared to the other two groups.
An interesting observation from reviewing Table 1.6 and Table 1.7 is that the
Treatment containing SWW and half-strength fertilizer had the highest N, P, K, Ca, Mg, S, Cu,
and Mn content but had the lowest dry mass. The low dry mass of the treatment may be due to
the high degree of ion accumulation in the shoots.
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Table 1.7. Nutrient content of leaf samples taken from the harvested lettuce heads (n=3). Within
each nutrient category, values connected by the same letter indicate that those values do not
differ significantly at an alpha level of 0.05.
Group
Positive control
Treatment
Negative control
p-value

N (ppm)
4.09E+04 b
4.92E+04 a
1.49E+04 c
<0.0001

Group
Positive control
Treatment
Negative control
p-value

P (ppm)
K (ppm)
Ca (ppm)
4.50E+03 b 2.96E+04 b 6.4E+03 b
6.70E+03 a 4.19E+04 a 1.05E+04 a
3.90E+03 b 8.10E+03 c 4.70E+03 b
0.0036
0.0001
0.0178

Zn (ppm)
186.00 a
40.67 b
55.33 b
0.0002

Cu (ppm)
6.33 ab
10.33 a
4.67 b
0.0461

Mn (ppm)
62.00 a
68.67 a
8.00 b
0.0038

Mg (ppm)
1.80E+03 b
4.80E+03 a
2.00E+03 b
0.0022

Fe (ppm)
187.33 a
63.67 b
30.00 b
<0.0001

S (ppm)
1.50E+03 b
2.70E+03 a
1.00E+03 c
0.0001

Na (ppm)
826.67 b
2112.33 b
9459.00 a
0.0003

Effects of Microbial Composition of Nutrient Solution
The results below show data reflecting the effect of the microbial composition of
the nutrient solution on plant growth. Note that the labeling of the systems as controls and
treatments differed between the nutritional analysis and the microbial analysis. For the microbial
analysis, the control contained 150 ppm-N of hydroponic fertilizer, treatment 1 contained 1
CFU/mL of E. coli, and treatment 2 contained 10,000 CFU/mL of E. coli.
Microbiological Safety of Nutrient Solution
The concentration of general E. coli and total coliforms in the hydroponic nutrient
solution was quantified using the Quanti-Tray 2000. No E. coli was detected in the nutrient
solution of the control nor treatments 1 and 2 for all weeks in which testing took place (weeks
three to six). The nutrient solution was also analyzed for total coliforms in weeks four to six.
None of the groups exhibited a consistent increase or decrease in total coliform concentration
across the three consecutive weeks in which testing took place. For all three weeks of testing, the
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control had coliform counts below 501.2 MPN/100 mL, treatment 1 had coliform counts between
1011.2 to >2419.6 MPN/100 mL, and treatment 2 ranged from 691 to >2419.6 MPN/100 mL.
The upper limit of detection of total coliforms for the Quanti-Tray 2000 method is >2419.6
MPN/100 mL. The microbial activity of the nutrient solution is unknown for weeks one and two.
The data indicates that the E. coli died within three weeks of operating the hydroponics system.
It is possible that the recirculation of the nutrient solution deterred the survival of E. coli because
no new material was introduced into the system. The data also implies that the bacterial
community in the hydroponic nutrient solution was thriving throughout the entire experiment,
which agrees with the unclean condition of the indoor lab. Another possibility is that the E. coli
were not able to survive in the nutrient solution due to the competition from other bacteria. The
survivability of E. coli was investigated in a supplemental experiment in which the growth of E.
coli K12 in standard media and SWW was compared. The E. coli was cultured in liquid LB broth
and SWW and was plated on LB agar and SWW agar to determine how well it grew in the
different media. These results are shown in Appendix C.
In a separate hydroponics experiment conducted Spring 2022, the E. coli
concentration in the nutrient solution was monitored every day for three weeks via the plate
count method. Three hydroponic systems were set up with nutrient solution containing SWW
and no E. coli (control), SWW with a low concentration of E. coli (1 CFU/mL; System 2), and
SWW with a high concentration of E. coli (10,000 CFU/mL). It was concluded that the E. coli
survived for at least the entire three weeks in which daily data collection took plate. Due to time
constraints data collection stopped at the end of the third week of system operation, however the
E. coli was still alive in the nutrient solution at this time and it is likely that the E. coli survived
longer than three weeks. This result differs from the previous hydroponics experiment in which
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the E. coli died within three weeks of system operation. Appendix D contains the plate counts,
plate images, and other results from this third hydroponic experiment.
The regulation to which the microbiological data was compared is the Food and
Drug Administration (FDA) regulation for the concentration of generic E. coli permissible in
agricultural water directly applied to growing produce, which is 126 CFU per 100 mL (United
States Food and Drug Administration, 2016). Every weekly sample of nutrient solution collected
in the second hydroponic experiment exhibited E. coli levels in compliance with the FDA
regulation. This regulation is detailed in the Produce Safety Rule of the Food Safety
Modernization Act (FSMA) and is not specific to reclaimed wastewater. There is a current lack
of regulatory guidelines for reusing wastewater, even more so for hydroponic wastewater reuse.
Water reuse in general is not federally restricted by the EPA, rather the authority over water
resources is regulated on the state-level through the Safe Drinking Water Act and the Clean
Water Act (United States Environmental Protection Agency, n.d.). This research took place in
South Carolina, and the South Carolina Department of Health and Environmental Control
(SCDHEC) has no statutes or regulations available on their website for agricultural wastewater
reuse. This gap in policy hinders the implementation of wastewater reuse in hydroponic systems
for food production.
E. coli Internalization in Lettuce Roots and Leaves
All of the harvested lettuce leaf samples, three unwashed and three chlorine-washed
per system, were reported to have <10 CFU/g. This result shows that after harvesting there was
little to no E. coli found internalized in the leaf tissue or on the leaf surface. However, the
presence and activity of E. coli on and in the leaf tissue and roots during the operation of the
hydroponics system is unknown.
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In the Spring 2022 hydroponics experiment, confocal imaging was used to
investigate the internalization of E. coli in the lettuce roots. Root samples from weeks 1, 2, and 3
of system operation were cut and embedded as a bundle of roots in Optimal Cutting Temperature
compound (OCT) in a plastic mold. The frozen embedded root samples were sliced in 10 µmthick sections onto Histobond Adhesive Slides. The samples were transported on dry ice to the
Clemson Light Imaging Facility (CLIF) for confocal imaging by CLIF personnel. The confocal
images in Figures 1.12, 1.13, and 1.14 show DAPI-stained microbial DNA in gray and
propidium iodide-stained plant tissue in red. The images were taken towards the edges of the root
cross sections. The control nutrient solution was not inoculated with E. coli, but Figure 1.12
shows spherical and rod shapes of various sizes that may be bacteria. In Figure 1.13 there are
rod shapes about 2-3 µm, the size and shape of E. coli. Additional images from confocal
microscopy of these lettuce root samples are in Appendix E. The definite presence of E. coli
internalized in the lettuce roots cannot be verified from these images. In the future, a more
reliable method of using confocal microscopy to image bacteria in lettuce roots would be to
inoculate the roots in a highly controlled environment like what Seo & Frank (1999) conducted,
rather than in a contamination-prone environment like the indoor hydroponic lab.
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Figure 1.12. Confocal image of lettuce root cross sections from lettuce plants grown in SWW
with no E. coli inoculation (control). Image is depicted on a 80 µm by 80 µm scale.

Figure 1.13. Confocal image of lettuce root cross sections from lettuce grown in SWW with a
low level of E. coli inoculated (Treatment 1). Image is depicted on a 90 µm by 90 µm scale.
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Figure 1.14. Confocal image of lettuce root cross sections from lettuce grown in SWW with a
high level of E. coli inoculated (Treatment 2). Image is depicted on a 90 µm by 90 µm scale.
Lettuce Growth Data and Modeling
The data in Figure 1.15 shows that the leaf area of the lettuce plants in treatments 1
and 2 plateaus around 35 days of operation. The control shows increasing leaf area during the
entire experiment. While the differences in the growth trends may be due to the bacterial levels
in the nutrient solution, it is more likely that the nutrient content of the conventional fertilizer
used in the control facilitated better growth than that of the simulated wastewater in treatments 1
and 2.
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Figure 1.15. Daily average leaf area of lettuce plants (n=5). Values are estimates obtained from
aerial photos processed in Photoshop for green pixel count and converted to area.

A logistic experimental model was created to simulate the leaf area data for the
control, treatment 1, and treatment 2. Figure 1.16 shows the leaf area data points with the
experimental model and corresponding equation. The model was used to calculate the growth
rate at any given day during the system’s operation. The t50, the number of days to achieve 50%
of the maximum leaf area, and the ymax, the maximum leaf area in cm2, were also calculated.
Equations 1.3 represents a generic logistic equation, Equation 1.4 is the t50 equation rearranged
from the logistic equation, and Equation 1.5 is the growth rate equation derived from the logistic
equation. The residuals from the experimental models are shown in Figure 1.17 and describe the
differences between the observed data and the simulated data.
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The t50 values were 27 days, 26 days, and 27 days for the control, treatment 1, and
treatment 2, respectively. According to the experimental models, the growth rate corresponding
to the t50 values were 43.7 cm2/day, 43.4 cm2/day, and 30.8 cm2/day, and the maximum leaf area
during the whole experiment was 750.7 cm2, 632.3 cm2, and 444.4 cm2 for the control, treatment
1, and treatment 2, respectively.
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Figure 1.16 Data points and experimental models of average daily leaf area.
(Top to bottom) Control, Treatment 1, and Treatment 2.
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Figure 1.17 Residuals from the experimental models.
(Top to bottom) Control, Treatment 1, and Treatment 2.
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Application and Broader Impact
Recovering wastewater for crop cultivation has been studied in various settings for
decades and has been practiced for even longer (Angelakis et al., 2018). One NASA study even
investigated the use of hydroponic systems in space to recycle and purify greywater while
growing food for long-duration space missions (Garland et al., 2000). Currently, there are
various compelling reasons for hydroponic agriculture to be applied in urban areas. Hydroponics
does not require arable land and is not hindered by the low availability of fertile soil in urban
areas. In fact, confined spaces such as vacant lots, rooftops, or basements are locations where
decentralized hydroponic food production can be implemented. Additionally, residential
greywater is a potential local and abundant source of water and nutrients for urban hydroponic
systems. The coupling of wastewater diversion and agriculture has already provided a multipurpose solution in developing communities, as shown by a study conducted in South Africa that
explored using greywater to irrigate crops in low-income areas facing challenges of droughts, onsite sanitation, and food security (Rodda et al., 2011). This example and many others show how
crop production with wastewater treatment has resulted in small-scale, semi-closed loop systems
in which locally generated wastewater is treated while being used for agriculture.
Localized, integrated sanitation and agriculture systems could bring resilience to urban
areas. Large, established networks of decentralized food systems are able to recover faster from
traumatic events like natural disasters or economic crises. Having a well-resourced system with
redundancy in food supply, food suppliers, and location is key to this resilience (Hecht et al.,
2018). Likewise, localized wastewater treatment systems provide redundancy that can cover
service gaps that arise when another location is temporarily unable to operate (Leigh & Lee,
2019). The need for resilient local food systems has grown more apparent amid the COVID-19
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pandemic (Atalan-Helicke et al., 2021). Decentralized urban food production can alleviate food
deserts by providing access to fresh food while reducing food miles, the distance that food
travels from the producer to the consumer. Urban food deserts are areas that have limited or nonexistent access to healthy, affordable food (Tong et al., 2020). Communities of lower
socioeconomic level are especially impacted by food deserts and the associated negative health
outcomes including heart disease, diabetes, and obesity (Suglia et al., 2016; Testa et al., 2020).
Food production occurring in urban and peri-urban areas can potentially alleviate diet-related
health problems and also has potential to generate job opportunities for city dwellers. What
follows may be a reintegration of food production into the awareness and daily lives of the
people it serves (Schnell, 2013).
4. Conclusions
This research shows that it is possible to grow food crops hydroponically with
simulated wastewater. Despite the limited nutrient availability in the wastewater and the
presence of E. coli K12, the lettuce plants were able to successfully grow and survive. The
microbial analysis showed that the plants containing E. coli in their nutrient solution reached a
growth plateau sooner than those with no E. coli. The nutritional analysis showed that the
treatment, which contained half-strength fertilizer supplemented with wastewater, exhibited the
highest levels of nitrogen, phosphorus, and potassium out of all the groups, and had significantly
higher levels of eight of the eleven total nutrient categories. Additionally, the plants grown in the
half-strength fertilizer supplemented with wastewater had a higher moisture content and less dry
matter than the other groups, most likely due to the accumulation of ions in the leaves.
There are several recommendations for if this research is continued in the future.
First is to test various wastewater formulations to account for the significant variability of this
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complex medium. Another suggestion is to explore growing alternative crops such as hemp,
switchgrass, or flax in wastewater, which can be used to produce high-value products, biofuel,
and textiles. An important area of research in this topic is the quantity of nutrients provided by
wastewater and the quality of their form for plant uptake. To investigate this, it is recommended
to monitor specific forms of nitrogen such as ammonium, nitrate, phosphorus, and potassium
throughout the experiment rather than only at the end. Knowing the specific nutrient levels
during cultivation would provide insight of what type and quantity of nutrients need to be
supplemented into the wastewater to achieve a nutrient solution comparable to conventional
fertilizer. The interaction of the yeast and other microorganisms in the SWW with nutrients in
the SWW would also be a valuable area of study. Lastly, the two methods of pathogen detection
used in this research, Quanti-Tray 2000 and bacterial plating, each have their setbacks. A
significant improvement would be to develop a different method for rapid E. coli detection, an
objective pursued in Chapter 2 of this thesis.
The current and growing need for sustainable agricultural practices, especially in
areas of food insecurity, is the driver for implementing wastewater reuse in NFT hydroponic
systems to cultivate crops. However, to bring the vision to fruition several factors need to be
explored further including the scalability hydroponic systems, the health risk and level of
microbial safety of the growth environment and crops, and the establishment of standardized
materials and practices specific to wastewater reuse in hydroponic systems.
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CHAPTER TWO
DEVELOPMENT OF A RAPID E. COLI DETECTION METHOD FOR HYDROPONIC
CULTIVATION
1. Introduction
Problem Statement and Technology Gap
While water scarcity and climate change are major reasons for advocating to reduce
freshwater demand, recycling wastewater for use in soilless agriculture requires the careful
consideration of microbial dynamics during production operations. Cross-contamination of fresh
produce with wastewater pathogens can result in foodborne outbreaks, thus posing significant
risks to public health. Current microbiological assessment of irrigation water requires that
growers send samples to specialized laboratory facilities, and results usually take several days to
come back. Standard laboratory techniques for detecting and quantifying food pathogens include
microbial plate counts in selective media, presumptive tests such as the most probable number
(MPN), and molecular amplification methods such as polymerase chain reaction (PCR) (Lazcka
et al., 2007). While these standard testing approaches tend to have high accuracy, some
drawbacks include long processing times, high cost, and generation of hazardous waste
(Vidyadharani et al., 2021). Therefore, there is a current need for pathogen monitoring
technology that is rapid, user-friendly, low-cost, and suitable for in situ screening in greenhouse
and indoor cultivation settings.
When it comes to controlling the presence of pathogens in water for agricultural
irrigation, current regulations rely on total E. coli as a general indicator organism for fecal
contamination. Although there are some practical reasons that justify the use of generic indicator
organisms for regulatory purposes, this approach may lead to unnecessary agricultural losses and
food waste. Indeed, most E. coli strains are harmless and only a small fraction of strains, such as
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E. coli O157:H7 are pathogenic to humans (Meng et al., 2013). Emerging technologies for
pathogen detection may play a role in reaching a better balance between protecting the public
from foodborne illnesses while minimizing food losses.

Research Objective: Develop a rapid and selective E. coli detection method for monitoring the
recirculating nutrient solution in hydroponic systems.

Proposed Solution: Loop-mediated Isothermal Amplification (LAMP)
Of the techniques for the detection of microorganisms, molecular amplification of genetic
material stands out due to its high specificity towards the target organism, which translates into
lower probability of false-negative detection (Poon et al., 2006). One solution to provide rapid,
on-site pathogen detection lies in a type of DNA amplification called loop-mediated isothermal
amplification (LAMP). Both LAMP and its predecessor polymerase chain reaction (PCR) target
a specific nucleotide sequence using customized primers and amplify the target sequence with
DNA polymerase to a detectable level. PCR has been the gold-standard of molecular diagnostics,
as evidenced by its widespread use to confirm a SARS-CoV-2 infection during the Covid-19
pandemic (Corman et al., 2020). However, some aspects of PCR, such as its dependence on
specialized equipment, long processing time, and reliance on highly skilled lab personnel, inhibit
the tool from being used in situ by laypeople. LAMP presents some advantages over traditional
PCR that make it a more feasible option for use non-laboratory settings. While PCR uses
repeated cycles of heating and cooling to perform the amplification steps, LAMP is isothermal
and typically has optimal reaction temperatures of 60-65 °C (Notomi et al., 2000). Because of its
ability to run at one stable temperature, LAMP requires cheaper and less complex equipment
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such as a heating block or even a warm water bath (Soroka et al., 2021). Amplification products
can be analyzed in a variety of ways such as gel electrophoresis, color-change (with certain
reagents), turbidity increase, or fluorescence. While PCR uses two primers to recognize two
regions on the DNA molecule, LAMP uses four to six primers to recognize six to eight regions
on the DNA structure, resulting in high specificity (Nagamine et al., 2002). LAMP can be used
with crude samples such as whole cells and does not necessarily require the DNA to be preextracted from the cells (Huang et al., 2021).
The mechanism behind a LAMP reaction consists of a non-cyclic and a cyclic step
(Parida et al., 2008). First, in the non-cyclic step the double-stranded DNA is formed into a
“barbell” shape. The primers anneal to the target complementary sequence on the doublestranded DNA, marking the location for DNA polymerase to start the genetic amplification
process. The DNA polymerase enzyme used in LAMP has strand displacement activity,
displacing the second strand of DNA simultaneously as the complementary DNA strand is
synthesized (Notomi et al., 2000). The region corresponding to the Forward Inner Primer (FIP) is
the first section to have its complementary strand synthesized. The new strand is then displaced
by the Forward Outer Primer (F3), forms a loop structure at the 5’ end, and becomes the template
for the annealing of the Backward Inner Primer (BIP). DNA synthesis is initiated, and the 5’ loop
opens up. Next, the Backward Outer Primer (B3) anneals to its appropriate sequence on the
synthesized DNA and extends, displacing the previously formed BIP-linked complementary
strand which forms into a “dumbbell” structure (stem-loops at both ends). Loop Primers (LoopF
and LoopB) are optional loop primers that accelerate amplification by marking additional sites
for DNA synthesis to occur (PREMIER Biosoft, n.d.).
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The dumbbell shape produced in the non-cyclic step is the starting structure for the cyclic
step. This step begins with the dumbbell structure reverting to a stem-loop structure (one stemloop instead of two) when an internal primer on the stem-loop causes self-annealing of the
strand, initiating DNA synthesis. The FIP primer anneals briefly to the stem-loop, releasing the
previously synthesized strand which then forms into a stem-loop structure and begins its own
cycle of self-primed synthesis. This factorial amplification process results in amplification
products of varying size and shape containing inverted repeats of the target nucleotide sequence
within the same strand (Parida et al., 2008).
The device used in this research for running LAMP reactions is the BioRanger from
Diagenetix Inc. (Honolulu, HI, USA). The BioRanger is a small (14.3cm x 8.1cm x 6.6cm)
instrument that runs real-time, quantitative LAMP and has been used for the detection of genetargets in agricultural, food, and environmental settings (Diagenetix Inc., n.d.). The BioRanger is
a heating block that also contains a fluorescence sensor to detect the fluorescence emitted by a
double-stranded-DNA-binding dye. A tablet connected via Bluetooth to the BioRanger graphs
the fluorescence in real-time. The data from the LAMP reaction is saved in an Excel file for easy
sharing.

Figure 2.1. BioRanger device for LAMP reactions (Diagenetix Inc., n.d.).
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2. Application of LAMP for Pathogen Detection in Hydroponic Systems

Primer Design & Target Sequence Selection
The primer design process for LAMP is complex and requires screening of several
nucleotide sets in order to identify a successful candidate. In the screening process the different
primer sets are evaluated for their optimal concentration and reaction temperature (Harper et al.,
2010; LucigenVideo, 2018). Other factors such as the guanine-cytosine (GC) content, G value,
melting point, and orientation are also important to consider. The ideal primer set would be able
to function in a range of temperatures and would have a melting temperature close to the optimal
catalysis temperature of the DNA polymerase.
When choosing a target DNA sequence, the conservation of the sequence across different
strains should be considered, as this will affect the specificity of the assay (Iwai et al., 2011).
Closely related organisms that may be present in an experimental sample might share a
conserved region similar to the target gene and could cause false positives. A program called
Basic Local Alignment Search Tool (BLAST) can be used to check for specificity and will show
if the target sequence is highly conserved across other organisms. Software for designing
primers, such as PrimerExplorer v5 by Eiken or Premier Biosoft, is used to generate primer
options based off of the researcher’s target sequence.
This research used a set of six primers previously developed and screened by Hill et al.
(2008). This primer set was designed to detect urinary E. coli by identifying a region of the E.
coli malB gene, which is widely conserved across E. coli strains and is not shared by other gramnegative bacteria except the species Shigella (Hill et al., 2008). Hill et al. (2008) provided primer
concentrations of 0.2 uM outer primers (F3 and B3), 0.8 uM loop primers (LoopF and LoopB),
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and 1.6 uM inner primers (FIP and BIP). These concentrations were followed in this research, as
seen in the Protocol Development section below.
The LAMP primer sequences developed by Hill et al. (2008) and used in this research are
shown in Figure 2.2 below.
Loop forward and backward primers
Loop F Primer (24 bases) 5' CTT TGT

AAC

AAC

CTG

TCA

TCG

ACA 3'

Loop B Primer (25 bases) 5' ATC AAT

CTC

GAT

ATC

CAT

GAA

GGT

G 3'

FIP Primer (42 bases) 5' CAT
ATC
ATG AAT
GTT

TTT
GCA
GCT 3'

GCT

GTA

CGC

TCG

CAG

CCC

BIP Primer (40 bases) 5' CTG
AAC ACC
ACG AAT

GGG
T 3'

CGA

GGT

CGT

GGT

ATT

CCG

ACA

Inner forward and backward primers

Outer forward and backward primers
F3 Primer (18 bases) 5' GCC

ATC

TCC

TGA

TGA

CGC 3'

B3 Primer (18 bases) 5' ATT

TAC

CGC

AGC

CAG

ACG 3'

Figure 2.2. Nucleotide sequences of the LAMP primers for detection of E. coli malB gene (Hill
et al., 2008).

The six primers described in Figure 2.2 were ordered from Integrated DNA Technologies
(IDT) and were shipped as a dried pellet. Following the manufacturer’s guidelines, the primers
were resuspended to achieve a 100 µM storage solution (Pazdernik & Speicher, 2017; Speicher,
2017). Other studies that had successful DNA amplification using the primers developed by Hill
et al. (2008) include Connelly et al. (2015), Liu & Mauk (2011), and Oliveira et al. (2017).
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Reagent Selection
After the target sequence and primer set were identified, the DNA polymerase enzyme
was chosen. In this research the LavaLAMP™ DNA Master Mix for Amplification kit from
Lucigen was used. This kit comes with the LavaLAMP™ DNA Master Mix (contains the DNA
polymerase enzyme), a Green Fluorescent Dye for fluorescent detection of the amplified DNA,
and a Positive Control DNA and Positive Control Primer Mix used as an example of a successful
reaction. An overview of the LAMP reaction being performed with the LavaLAMP™ kit
components is shown in Figure 2.3. The master mix in this this kit is heat stable at 90 C for 5
minutes, allowing for a preheating step that may help decrease the time to result (TTR) (Lucigen
Corporation, 2017).

Figure 2.3. Overview of the LAMP process using Lucigen’s multi-component kit (Lucigen
Corporation, 2020).
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Protocol Development
The preliminary protocol used in this research was developed by Sadia Fida Ullah, Ph. D
and Sarah VanBrunt, an alumnus of the Biosystems Engineering Master’s Program at Clemson
University. The protocol was developed based on Lucigen’s recommended reaction
temperatures, reaction steps, and reagent concentrations and volumes (Lucigen Corporation,
2017). After the original contributors left the project, the protocol was further edited to
incorporate additional practices to minimize contamination and increase the likelihood of a
successful amplification reaction. The protocol document, describing the reaction set-up and
BioRanger operation, is included in Appendix F.
After the protocol is completed, the fluorescence results can be exported and analyzed.
The fluorescence data from the DNA amplification reaction can be displayed graphically in a
few different ways. The first option for display is corrected fluorescence, which “implement[s]
dynamic background correction into the software” and attempts to “accommodate a lot of
different chemistry variations with different typical trends in background fluorescence change”
(D. Jenkins, personal communication, July 27, 2021). The second display option is “df/dt”, or the
change in fluorescence over the change in time. The last option is “Raw Fluorescence” which is
the original data without any software correction. While option 1 was used in the beginning of
this research, raw fluorescence was used in the troubleshooting phase because it provides
a “clearer view of what's happening in the data” (D. Jenkins, personal communication, July 27,
2021). For this reason, the majority of the data shared here is the raw fluorescence, and
supplemental software-corrected and raw fluorescence graphs are provided in Appendix G.
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Determination of Lower Limit of Detection of E. coli in BioRanger
In order to validate the BioRanger device as an in-field method of detecting E. coli in
irrigation water, it is necessary to prove that the device can detect as low a concentration as the
FDA regulatory limit of 126 CFU/100 mL (FDA, 2016). To accomplish this, an experiment was
conducted that corresponded colony counts from standard plating of dilutions of E. coli culture
to the DNA amplification results from running LAMP with the same dilutions. This side-by-side
experiment allows for comparison of standardized microbiology methods to the BioRanger’s
graphical output. If amplification occurs in the dilution sample(s) that are at or under the
regulatory limit, then it can be confirmed that the BioRanger device has a sufficient lower limit
of detection for the application of monitoring E. coli levels. This result would contribute to the
viability of using the BioRanger as a method for E. coli detection in irrigation water.
To prepare the dilutions, one colony of E. coli K12 was picked from a LB agar plate of
culture E. coli K12 and inoculated into 1 mL of sterile LB broth and vortexed to make the stock
solution. Immediately, without incubating or allowing sufficient time for substantial microbial
growth, a set of serial dilutions were made (100 uL of stock into 900 uL LB broth and so on).
The resulting dilutions were: 10-, 100-, and 1000-fold. After each dilution was prepared, the tube
was capped and vortexed to mix.
In order to quantify how many colony forming units (CFU) of E. coli were in each
dilution, 100 uL from each dilution was immediately plated on LB agar, spread with sterile glass
beads, and incubated at 37C for 48 hours. After incubation, the number of colonies was
counted. The control plate of LB broth showed no growth, and all other plates were too
numerous to count except for the triplicate 1000-fold dilution plates. Equation 2.1 uses the
average number of colonies, dilution factor, and amount of sample plated to calculate how many
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CFU were present in the stock solution that contained 1 colony E. coli in 1 mL LB broth. Figure
2.4 shows the LB agar plates with E. coli dilutions after two days of incubation.

Control (LB media)

Stock (1 colony in
1 mL LB broth)

10-fold dilution

100-fold dilution

1000-fold dilution

Figure 2.4. Samples of the E. coli K12 serial dilutions were plated on LB media in
triplicate and counted after two days of incubation
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𝐶𝑜𝑛𝑐. 𝑜𝑓 𝑠𝑡𝑜𝑐𝑘 E. coli 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝐶𝐹𝑈/𝑚𝐿) =

# 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝑉𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑 (𝑚𝐿)
Equation 2.1

𝐶𝑜𝑛𝑐. 𝑜𝑓 𝑠𝑡𝑜𝑐𝑘 E. coli 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝐶𝐹𝑈/𝑚𝐿) =

356 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 ∗ 1,000
0.1 𝑚𝐿

= 3,560,000 𝐶𝐹𝑈/𝑚𝐿
Equation 2.1 Sample Calculation

In addition to being plated, the dilutions were used as the DNA sample for an 80-minute
LAMP reaction in the BioRanger with a reaction temperature of 65 C. The reaction also had an
initial lysis step (3 minutes at 95 C) and a final denaturation step (5 minutes at 80 C).
Successful DNA amplification of the samples was indicated by final values of relative
fluorescence units (RFUs) higher than those of the non-target control. As seen in Figure 2.5, the
lowest concentrations of E. coli (100 and 1000-fold dilutions, yellow and green lines on the
graph) started amplifying the earliest and plateaued with the highest fluorescence intensity. The
stock E. coli solution and 10-fold dilution amplified later (around 40 minutes into the reaction)
and plateaued at lower levels of fluorescence intensity. This trend of lower concentrations of
bacteria amplifying sooner and/or plateauing at higher levels has been observed with the
BioRanger LAMP reaction before (Larrea-Sarmiento et al., 2018; Li et al., 2019).
From these results, it was initially concluded that the BioRanger was able to detect
concentrations of E. coli as low as 356,000 CFU/100 mL. This concentration was still higher
than the regulatory limit of 126 CFU/100 mL, however. Therefore, in order to further investigate
the LLOD of the BioRanger, another experiment was needed, this time with further dilutions to
make sure that the solutions are diluted to concentrations below the regulatory limit.
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Fluorescence Intensity (RFU)

2,450,000
1,950,000

Non-target Control (water)

1,450,000

3,560,000 CFU/mL
356,000 CFU/mL

950,000
35,600 CFU/mL
450,000

3,560 CFU/mL

-50,000
0

20

40

60

80

Reaction Time (minutes)

Figure 2.5. LAMP reaction results shown as software-corrected fluorescence intensity (or RFU)
over time. DNA samples were stock E. coli K12 solution and a set of serial dilutions. E. coli
concentration for the dilutions was estimated with the colony counts from bacterial plating of the
same dilutions.

The experiment detailed above was conducted in October of 2020, and many other
LAMP reactions were conducted during 2020 and 2021 with seemingly encouraging results of
positive reactions that indicated the BioRanger was indeed amplifying the E. coli present in the
samples. However, it was discovered later on through gel electrophoresis that no amplification
was occurring and therefore all of the previous results were unable to be accepted as valid (see
Chapter 2, Section 3 for details). For that reason, other than this experiment, the LAMP reactions
prior to the Troubleshooting experiments are not included in this thesis.
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3. Troubleshooting LAMP with BioRanger
Assay Optimization Experiments
In May 2021, after working with the BioRanger since September 2020, concern arose
among the researchers over the possibility of contamination skewing DNA amplification results.
In response, gel electrophoresis began to be used as a method of validating that DNA
amplification was occurring. Upon running gel electrophoresis with a recent LAMP product, the
gel showed no distinguishable bands as would be expected in a LAMP product (see Figure 2.6).
The lack of bands indicated that no DNA amplification occurred. This discovery launched a
series of troubleshooting experiments to attempt to find out the cause of the lack of
amplification. These iterations of troubleshooting typically involved changing some aspect of the
assay, running the LAMP reaction, and analyzing the LAMP products with agarose gel
electrophoresis (AGE) to confirm that the fluorescence signals resulted from actual DNA
amplification.

Figure 2.6. Gel electrophoresis performed on May 25, 2021 showing lack of amplification. 3%
agarose gel, 99 minute run-time, 35 V. The wells contained the LAMP product of several nontarget control (NTC) tubes and experimental tubes containing E. coli. Well contents from left to
right: positive control, non-target control, NTC without primer mix, NTC without Master Mix,
NTC without dye, E. coli stock solution, E. coli 10-5 dilution, and E. coli 10-9 dilution.
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In general during the troubleshooting experiments, the DNA samples were either an E.
coli cell pellet or a solution of E. coli colonies in nuclease-free water (NFW). Several E. coli K12
glycerol stock tubes were prepared from a freeze-dried cryovial and were kept in a -80C freezer
to use for culturing throughout the research. In general, the E. coli cell pellets were prepared by
culturing 1 fresh colony of E. coli in 1 mL of sterile LB broth for a couple hours, then
centrifuging the culture for ~20 minutes at maximum speed (12,000 RPM; 7,000 xg), removing
the supernatant, and resuspending the pellet in 25 uL (NFW). Solutions of E. coli colonies were
prepared by picking the desired number of E. coli colonies (usually one) from an LB agar plate
and depositing them into 25 uL NFW and vortexing.

Varying Sample Type and Reagent Ratio
This troubleshooting experiment was to see if changing the DNA sample characteristics
and the ratio of DNA sample to Master Mix (MM) volume aided the amplification reaction. It
was hypothesized that centrifuging E. coli cells would aid with cell lysis and make the DNA
more available for amplification. The volumes of DNA sample and MM were adjusted because it
was thought that the cellular material in the sample might inhibit the DNA polymerase in the
MM. The sample types used were a resuspended pellet, a solution of 5 colonies, and a solution of
15 colonies. Two volume ratios (5:12 and 3:15 ul of sample:MM) were tested. The results from
this LAMP run are shown in Figure 2.7 below.
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Figure 2.7. Software-corrected fluorescence and tube color-change results from a LAMP
troubleshooting experiment investigating the impact of sample type and reagent volume ratios;
performed on July 7, 2021. Six combinations (1 replicate of each) were tested. The reaction was
run at 65 °C for 120 minutes with an initial lysis step at 95 °C for 5 minutes and a final
denaturation step at 80 °C for 5 minutes. Gel electrophoresis was performed July 15th with
sample order as follows, left to right: DNA marker, Tubes 1 through 6, positive control, NTC
and DNA marker.
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All wells with Non-Target Control (NTC)
In order to see if there was well-to-well variation, the next troubleshooting experiment
was with all eight wells containing an NTC. The expected result would be for no fluorescence to
occur, producing a horizontal line on the fluorescence graph. As shown in Figure 2.8, all wells
show no fluorescence until about 40 minutes into the reaction. By the end of the reaction time,
however, the graph showed that all wells fluoresced but at different levels ranging from 100,000
RFU to ~700,000 RFU. From this result, it is inferred that results past 40 minutes of reaction
time may be false positives. Additionally, Figure 2.8 shows that there was no color change in the
reaction tubes, and that some of the reagents evaporated during the reaction. Mineral oil was
used in later troubleshooting experiments to prevent evaporation. Note that the tube order in the
picture is the same order as in the BioRanger, and the tubes at either end of the lineup had less
evaporation. This may indicate that the first and last wells experience cooler temperatures which
may affect amplification efficiency.
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(figure continued on following page)
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Figure 2.8. Software-corrected fluorescence and tube color results from a LAMP
troubleshooting experiment investigating well-to-well variation when all wells contain the NTC;
performed July 13, 2021. The reaction was run at 65 °C for 120 minutes with an initial lysis step
at 95 °C for 5 minutes and a final denaturation step at 80 °C for 5 minutes.

Varying Reaction Temperature
To investigate the optimal reaction temperature, LAMP was run three times with the
same sample of resuspended E. coli pellet at reaction temperatures of 55 °C, 58 °C, 62°C, and
68°C. Each run contained triplicate experimental tubes and one NTC. The 62 °C and 68 °C runs
contained one positive control tube. The remaining wells for each run were left empty or
contained tubes with water. The same well/tube order was used in all three runs. It was decided
to forgo the lysis step because Lucigen recommends not using a preheat step when running
LAMP with crude (whole cells) samples (Lucigen Corporation, 2017). Lucigen recommends
using 1 uL of fluorescent dye in 25 uL of reaction mix. However, this experiment used only
0.5uL of dye because of feedback from Daniel Jenkins, who diagnosed previous BioRanger
graphs as indicating saturated detectors because of very high RFU values and therefore that the
dye was too concentrated. From the results shown in Figure 2.9, it is seen that the fluorescence
increased with an increase in reaction temperature. For example, the 58 °C run reached about
120,000 RFU, while the 68 °C run reached almost 6 million RFU. In the 58 °C run, the
experimental sample tubes exhibited roughly the same fluorescence levels as the NTC. In the 62
°C and 68 °C reactions, one of the three experimental sample replicates showed a different
fluorescence trend than the other sample tubes. However, in the 62 °C and 68 °C reactions the
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other two replicates exhibit roughly the same fluorescence as the NTC and water. It is unknown
why one of the replicates showed different behavior than the other two. The 68 °C run reached
similar RFU values as in the saturated graph (not pictured).
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Figure 2.9. Raw fluorescence results from a troubleshooting experiment investigating optimal
reaction temperature and dye concentration; performed September 8, 2021 (55 °C; panel a),
August 19, 2021 (62 °C and 68 °C runs; panels c and d) and August 25, 2021 (58 °C; panel b).
The reactions were run with a 5-minute lysis step at 95 °C (or 90 °C for the 55 °C run), a 60minute reaction, and 5-minute denaturation at 80 °C.
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Figure 2.10. Two percent agarose gel electrophoresis run with LAMP product from a
troubleshooting experiment investigating optimal reaction temperature and dye concentration.
Well contents from left to right: (top, 55 C run) DNA marker, NTC, empty, Tubes 1 to 3,
empty, Tubes 4 to 6; (middle, 58 C run) DNA marker, NTC, Tubes 1 to 3 (triplicate of pellet
sample with half-concentration of dye); (bottom, 62 and 68 C runs) NTC (62 C), positive
control (62 C), Tubes 1 to 3 (62 C), NTC (68 C), positive control (68 C), Tubes 1 to 3 (68
C), DNA marker.

Varying DNA Sample Volume
In order to investigate the optimal volume of DNA sample, LAMP was run with 1, 3, and
5 uL of DNA sample. A colony solution of 1 colony of E. coli in 20 uL NFW was used as the
DNA sample. One uL of DNA sample is volume recommended by Lucigen to use in a LAMP
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assay (Lucigen Corporation, 2017). To achieve the same total volume in all tubes, 0, 2, or 4 uL
of NFW were supplemented into the tubes to reach 25 uL of reaction mix in each tube. Aside
from six experimental tubes, there was one NTC and one empty well. Ten uL of mineral oil was
pipetted onto the side of the tube to rest on the surface of the reaction mixture to prevent
evaporation. The results in Figure 2.11 show that all experimental tubes followed roughly the
same trend as the NTC, indicating that most likely no amplification occurred. From these results,
it was concluded that DNA sample volume alone was not the inhibitor to amplification
occurring.
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Figure 2.11. Amplification and gel results from a troubleshooting experiment investigating
optimal DNA sample volume. (Top) Amplification results from LAMP performed October 1,
2021. The reaction was run at a temperature of 60 °C for 5 minutes with no lysis step and with a
denaturation step for 5 minutes at 80 °C.
(Bottom) 3% gel electrophoresis with wells left to right: DNA marker, NTC, Tubes 1 to 6.
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LAMP with Extracted E. coli DNA
One of the last troubleshooting experiments conducted was running LAMP with extracted
E. coli DNA rather than colony solutions or bacterial pellets. Four replicates of experimental
sample tubes were used, each containing 1 uL of the extracted DNA supplemented with 4 uL of
NFW to reach the appropriate total volume. One NTC was used and the remaining three wells
were left empty. The GenElute™ Bacterial Genomic DNA Kit and Protocol (Product NA2100,
Millipore Sigma, Burlington, MA, USA) was used to extract the genomic DNA. Gel
electrophoresis was used prior to LAMP to confirm that the DNA extraction was successful, as
shown in Figure 2.12. As seen in Figure 2.13, the experimental sample tubes containing the
extracted DNA showed the same LAMP fluorescence trends as the NTC, indicating that little to
no amplification occurred. The empty wells showed no fluorescence as expected.

Figure 2.12. Gel electrophoresis of extracted E. coli K12 DNA prior to amplification. The gel
was run with 1% agarose under 100 V and a 50-minute runtime. The presence of one distinct
band and no smearing indicated that the extraction was successful. The DNA extraction and this
gel electrophoresis were performed on October 19, 2021.
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Figure 2.13. Amplification and gel results from a troubleshooting experiment investigating
LAMP with extracted E. coli DNA. (Top) Amplification results from LAMP performed on
October 28, 2021. The reaction was run at a temperature of 68 C for 60 minutes with a lysis step
at 90 °C for 3 minutes and no denaturation.
(Bottom) 2% gel electrophoresis with well order left to right: DNA marker, NTC, Tubes 1 to 4.

PCR with E. coli Colony Solution
To see if the lack of amplification was due to an issue in the BioRanger or an issue with
the reagents or assay itself, PCR was performed with an E. coli DNA sample. Three replicates
contained the DNA sample, which was 3 uL of a colony solution made by vortexing one E. coli
colony into 20 uL NFW. A NTC and a positive control tube were also run in PCR. Only the F3
and B3 primers were used, and no fluorescent dye or mineral oil were used, since the thermal
cycler did not record fluorescence and had a heated lid (SimpliAmp™ Thermal Cycler A24811,
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Thermo Fisher Scientific, Waltham, MA, USA). The reaction consisted of the steps shown in
Figure 2.14. After the PCR was finished, the tubes were put on ice and then used in gel
electrophoresis (3% agarose, 35 V, 99-minute runtime) to check for amplification, as shown in
Figure 2.15. An unamplified tube containing 3 uL of the DNA sample, 2 uL NFW, and 15 uL of
combined PM and MM was also used in the gel electrophoresis. From the gel results shown in
Figure 2.15, it was concluded that the amplification was not successful and that the issue with the
lack of amplification is due to some quality of the assay, not due to the BioRanger.

Figure 2.14. Programmed reaction steps used in a thermocycler for the PCR reaction.

Figure 2.15. Gel electrophoresis wells with PCR product, left to right: DNA marker,
unamplified sample, NTC, positive control, Tubes 1 to 3 (triplicate with colony solution).
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4. Conclusions and Future Recommendations
Overall, there are some factors that make LAMP in the BioRanger device an attractive
option for in situ pathogen monitoring, such as portability, low cost compared to PCR, and time
efficiency compared to standard plating methods. However, through this research the
understanding that LAMP is a user-friendly method was deconstructed. Successful amplification
of the malB gene of E. coli was never achieved despite working with the device and
troubleshooting the assay from September 2020 to August 2021. In addition to not obtaining
valid results, there were several hinderances that made LAMP less user-friendly than originally
assumed. One such hinderance was the temperature sensitivity of the reagents, most of which
required storage temperatures colder than a normal freezer and were difficult to keep at the
appropriate temperature during the reaction preparation so as to prevent degradation.
Additionally, the reagent volumes used in the assay are very small quantities, sometimes less
than 1 µL, and required careful, tedious pipetting to get the highest precision. There are several
tubes to keep track of during preparation, and one mistake can affect the whole LAMP run. Most
importantly, LAMP is highly sensitive to contamination from improper handling of reagents,
trace DNA in the preparation environment, and amplicon sample carryover. For these reasons,
LAMP cannot be purported to be user-friendly and robust until some improvements are made.
Potential improvements to the LAMP assay include increasing the assay’s resistance and
resilience to contamination, increasing preparation efficiency by formulating pre-prepared “just
add sample” reagent mixes, and developing temperature-robust reagents that don’t require
specialty freezers for storage. In this research, the LAMP assay development never reached the
stage of in-field testing of analyzing hydroponic nutrient solution for E. coli.
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There are a few recommendations for future research of using BioRanger to detect E. coli
or other pathogens in wastewater or hydroponics nutrient solution. First, it is important to begin
any LAMP assay design process with the optimization of reaction temperature and primer
concentration. This will help ensure that the highest performing reaction is achieved.
Other important pieces of information that were unknown at the beginning of this
research that would have helped speed the optimization and troubleshooting process along are:
•

“Primer design is one of the most important factors in optimizing LAMP results”
(Lucigen Corporation, 2017)

•

The developers of BioRanger do not recommend running reactions for more than 30
minutes due to the likelihood of false positives and unpredictable behavior (D. Jenkins,
personal communication, July 27, 2021)

•

When testing a new primer set, Lucigen recommends temperature optimization
experiments ranging from 68 C to 74 C (Lucigen Corporation, 2017)

•

The developers of BioRanger have seen that the optimal temperature is generally at least
65 C (D. Jenkins, personal communication, July 29, 2021)

•

Some studies show that amplification was unable to happen unless the DNA sample
underwent at least a crude extraction process (Drais et al., 2019; Jenkins et al., 2011;
Keremane et al., 2015)

•

Pipetting a layer of mineral oil on top of the liquid surface of the reaction tubes will help
prevent evaporation of the reagents during the reaction (Lucigen Corporation, 2017)

•

Intercalating dyes (including most dyes that come in in master mix kits) can actually
stabilize double stranded DNA and retard the LAMP reaction (D. Jenkins, personal
communication, July 29, 2021)
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In conclusion, a system of rapid, on-site pathogen detection performed in tandem with
agricultural wastewater reuse would be a launching pad for decentralized urban food production
to be widely accepted and practice. Although the focus of this particular research is on microbial
safety, it is important to acknowledge that there are other human-health concerns related to
wastewater reuse, such as the potential for plant uptake and/or cross-contamination of produce
with heavy metals, residual disinfection by-products, antimicrobial resistance genes, and
pharmaceutical compounds (Hamza et al., 2016; Zhang et al., 2009). Additionally,
phytopathogenic contaminants such as bacteria, viruses, and helminths are also a concern
associated with wastewater reuse in hydroponic cultivation (Gerardi & Zimmerman, 2005). In
order for the technological gaps being filled, regulations will need to be broadened to incorporate
the other potential hazards from wastewater reuse in hydroponic cultivation, as well as in other
various applications such as toilet flushing, washing clothes, and irrigation of crops for food,
fiber, and animal feed. Developing a method of E. coli detection that is efficient and reproducible
would improve the analytical efficacy that the agricultural and scientific community can have infield, eliminating the need to send samples to a lab or to conduct time-consuming and laborintensive analyses.
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APPENDIX A: PRELIMINARY HYDROPONIC CULTIVATION IN CLEMSON
GREENHOUSE COMPLEX
An initial 4-week cultivation experiment was conducted in Spring 2020 in the
Greenhouse Complex of Clemson University (34°40'25.1"N 82°49'57.2"W). The Greenhouse
Complex maintains a target internal temperature between 75 F and 78 F and experiences an
average relative humidity of 54%. The hydroponic system located in the greenhouse is pictured
in Figures A1 and A2.
A microbial inoculum was prepared using E. coli K12 with GFP plasmid from Dr. TzuenRong’s lab (Biological Sciences Department, Clemson University). The bacteria was cultured
with arabinose and ampicillin to maintain the selective pressure of the GFP plasmid.
Four nutrient solution tanks were used in this experiment. System 1 contained OASIS
hydroponic fertilizer in the concentration recommended for lettuce (150 ppm-N). System 2
contained simulated wastewater (SWW) and a low concentration of E. coli (1 CFU/ mL). System
3 contained SWW and a high concentration of E. coli (10,000 CFU/ mL). System 4 contained
SWW and half-strength OASIS fertilizer (75 ppm-N) and no E. coli.
Growth of the lettuce plants was monitored daily by measuring the height of the tallest
leaf of three randomly selected plants per group (Figure A3), and also by counting the number
of true leaves three additional plants (Figure A4). The physiochemical characteristics of the
nutrient solution were monitored daily (Figure A5). To estimate the amount of light the lettuce
plants were receiving, illuminance measurements were taken during the day and at night (Figure
A6 and Table A1). The light source at night comes from three metal halide grow lights hanging
above the hydroponic system.
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Figure A1. Clemson greenhouse hydroponic system. (Left) Empty NFT hydroponic system;
(Right) Lettuce growth in greenhouse hydroponics system about four weeks after transplanting.

Figure A2. Close-up view of hydroponics unit. (Left: Empty nutrient solution reservoir with
water pump; Middle: Manifold where tubing connects the PVC pipe to the NFT channels; Right:
Top view of nutrient solution “film” flowing down the sloped NFT channel.)
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Figure A3. Average leaf height (n=3) over time for the Spring 2020 greenhouse hydroponic
lettuce cultivation experiment. Error bars depict standard error.
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Figure A4. Average number of true leaves (n=3) overlaid with the daily high and low ambient
temperatures for the Spring 2020 greenhouse hydroponic lettuce cultivation experiment.
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Figure A5. Temperature, electrical conductivity, and pH of the nutrient solution in Systems 1-4
for the Spring 2020 greenhouse hydroponic lettuce cultivation experiment.
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Figure A6. Illuminance measurement locations on the hydroponics system.
Table A1. Illuminance values from greenhouse light sources. Night light source: 277V 1000W
Metal Halides; Day light source: sunlight.
Location of Measurement
Left-high
Left-middle
Left-low
Middle-high
Middle-middle
Middle-low
Right-high
Right-middle
Right-low
Average
Minimum value
Maximum value

Night time Illuminance (lux)
2172
3492
3775
2459
3326
3452
2307
2975
3342
3033
2010
3961
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Day time Illuminance (lux)
59,400
51,700
15,500
59,200
21,400
60,900
60,700
51,600
62,300
49,189
63,900
12,800

APPENDIX B: EXPERIMENT WITH UNDERGRADUATE STUDENT: FERMENTED
PLANT JUICE
In May 2020, a supplementary experiment was conducted with Michael Smith, an
undergraduate student in the Biosystems Engineering program at Clemson University. This
experiment investigated the small-scale production of fermented plant juice (FPJ). The
motivation of this experiment was the potential for nutrient-rich plant extract to serve as a source
of supplemental nutrients for hydroponic systems. The research question and hypothesis are as
follows:
Research question: Does the extract produced by the fermented plant juice (FPJ) method
contain a higher nutrient content than extract produced by the fermentation of plant material
only?
Hypothesis: There is a significant difference between the nutritional content of fermented plant
extracts made using the FPJ method (with sugar) and a non-sugar fermentation.
Null Hypothesis: There is no significant difference between the nutritional content of fermented
plant extracts made using the FPJ method (with sugar) and a non-sugar fermentation.
Feedstock Selection & Experimental Setup
Different combinations of plant types were tested to determine which combination
produces FPJ with the optimal nutrient content for hydroponics (i.e. closest to the 16-4-17 Oasis
Complete Hydroponic Fertilizer). Kudzu, a leguminous vine invading much of the southeastern
United States, was highlighted as a potential feedstock for the experiment. Kudzu is fast-growing
and has high rates of N-fixation (up to 235 kg N ha-1 yr-1), making it a potential feedstock for this
experiment (Hickman et al., 2010).
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However, the feedstocks actually used in the experiment were swiss chard and comfrey
donated by Farm Girl Deliveries LLC, a local farm in Six Mile, SC (Figure B1; Table B1). The
treatment variable was the ratio of swiss chard:comfrey:sugar, and the response variables were
the extract pH, nutrient content, and bacterial growth. The fermentation was allowed to react for
seven days. Two replicates of three treatments were used in addition to one control. The three
treatments were as follows:
Treatment 1: 60 g swiss chard : 120 g comfrey : 180 g brown sugar
Treatment 2: 90 g swiss chard : 90 g comfrey : 180 g brown sugar
Treatment 3: 30 g swiss chard : 150 g comfrey : 180 g brown sugar
Control: 60 g swiss chard : 120 g comfrey : 0 g brown sugar

Figure B1. Feedstocks for FPJ (Left) Comfrey leaves; (Right) Swiss chard leaves

Table B1. Nutrient content of feedstocks prior to fermentation

Comfrey
Swiss
Chard

N
P
K
(%) (%) (%)

Ca
(%)

Mg
(%)

3.49 0.53

1.43

0.65 0.59

3.33 0.51 6.47 1.54

0.23 0.22

4.7

S
Zn
(%) (ppm)
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Cu
(ppm)

Mn
(ppm)

Fe
(ppm)

Na
(ppm)

45

5

59

93

13966

37

10

59

179

278

Methods for nutrient recovery and analysis
The method described by Miller et al. (2013) was followed with some modifications.
Swiss chard and comfrey were harvested left unwashed to allow the microorganisms to stay on
the plant. Plant material and sugar were weighed out according to the experimental design above.
The plant material underwent a brief blending in a kitchen blender. The blended plant material
and sugar were combined in a 1.4L glass fermenter and shaken to combine (Figure B2).
Ideally the mixture would have been packed down into the container, but the narrow
bottleneck did not allow for this. The fermenters were capped with a DIY sampling cap. The cap
was intended to let air escape but not enter the fermenter, in addition to allow for syringes of
sample to be drawn from the fermenter. However, unsecure connection with the caps’ tubing
rendered the DIY caps unusable. Therefore, instead of sampling the extract throughout the
fermentation, samples were only collected at the end.
The fermenters were left to ferment in a dark area. After seven days, the liquids were
separated from the solids using a strainer. Seventy-five mL of samples from each treatment was
collected and diluted 50:50 with water to achieve a sample volume of 150 mL. The only
exception was the control, which only produced about 25 mL of liquid and therefore had 125 mL
of water added. Samples of the diluted FPJ were analyzed for pH and total dissolved solids and
were then sent to the Agricultural Services Laboratory for nutrient analysis. Samples were also
plated on MacConkey Agar for a bacterial count.
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Figure B2. Fermentation preparation. (Left) Blended plant material; (Middle) Sugar and
plant material before shaking; (Right) Sugar and plant material after shaking
Qualitative Observations
After seven days of fermentation, all of the fermenters had some degree of white mold
growth. The control had white mold throughout the plant material. The other fermenters, which
produced more liquid than the control, had white mold only on the surface above the liquid level.
The control produced the least amount of liquid and had a fouler smell than the treatments. The
liquid extract collected from the control was bright green and cloudy while that of the treatments
was a clear, dark brown color (Figure B3). The growth of mold in the fermenters may be
because the vessel was not airtight, there was too much air in the vessel, the plant material was
not sufficiently submerged in liquid, or the ambient temperature was too warm (room
temperature was 68.2 F).
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Figure B3. Visual observations of FPJ. (Top) Plastic bags with FPJ extract samples. The
control is the last bag; (Bottom) Mold in the control fermenter throughout the plant material.

Results – Nutritional Content
The pH of the extract from all groups was similar, ranging from 6.32 to 7.43. The control
had the highest total dissolved solids of all groups (Table B2). As seen in Table B3, the
fermentations with sugar had higher nutrient concentrations than the control which had no sugar.

Table B2. Physiochemical characteristics of the liquid extract (FPJ) before and after 50:50
dilution with water

Before
dilution

Control
(60:120:0)

1
(60:120:180)

2
(90:90:180)

3
(30:150:180)

pH

7.43

6.68

6.32

6.64

Liquid Temp. (F)

70.3

70.6

71.4

70.6

TDS (ppm)

6952

745.5

765.5

752

pH

7.03

6.94

6.59

6.90

Liquid Temp. (F)

70.8

71.3

71.1

71.2

1597

N/A

N/A

N/A

After dilution TDS (ppm)
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Table B3. Nutrient content of the diluted FPJ extracts. The maximum and minimum values for
each nutrient category are highlighted in green and red, respectively.
Treatment

chard:
comfrey:
sugar

P
K
Ca
Mg
Zn
Cu
Mn
Fe
S
Na
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

1

60:120:180 12553 183964 6052 9697

84.0

33.2

55.7

282

2

90:90:180 14147 185655 5214 11498 89.5

31.1

63.5

155 11274 22742

3

30:150:180 13911 206943 9516 8369

82.6

36.2

51.6

153

5482 11810

55.4

35.3

59.4

112

4847 7861

Control

60:120:0

9112 103097 7771 5793

7305 15668

Results – Microbial Growth on MacConkey Agar
Samples of the 50:50 diluted plant extract were plated on MacConkey agar. A dilution of
1:1000 FPJ:water was also prepared from the plant extracts and these dilutions were plated. The
plates were incubated at ~35 C for ~48 hours. MacConkey Agar is selective for gram-negative
bacteria and is also differential, distinguishing lactose-fermenting bacteria as pink-colored.
Figure B4 shows that after two days of incubation, no colonies were visible on the
control group plate or the uninoculated plate. The plates of Treatments 1, 2, and 3 showed
microbial growth but did not have distinguishable colonies. Figure B5 shows that the 1:1000
dilutions of the FPJ extract showed distinguishable colonies of various colors after two days of
incubation.
FPJ samples were run in LAMP to test for the presence of E. coli. The FPJ samples were
stored in the freezer for one week prior to being run in LAMP. The LAMP reaction consisted of
an initial lysis step for five minutes at 95 C, the 120-minute reaction at 68 C, and a
denaturation step for 5 minutes at 80 C. The LAMP graph in Figure B7 shows that negative
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control had a false positive around 65 minutes into the reaction. This indicates that FPJ samples
amplifying around 65 minutes may also be false positives and not valid results.

Figure B4. FPJ extract plated on MacConkey agar.

Figure B5. 1:1000 dilutions of FPJ extract plated on MacConkey agar.
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Figure B6. Microbial diversity in FPJ extract plated on MacConkey agar.
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Figure B7. LAMP performed May 17, 2021 with FPJ samples.
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APPENDIX C: COMPARISON OF E. COLI GROWTH ON LB AGAR AND SIMULATED
WASTEWATER AGAR

An experiment was conducted in October 2020 to compare how well E. coli K12 grows in
simulated wastewater (SWW) versus in LB broth. Most LAMP experiments in this research were
done using LB broth, a standard growth media. However, the hydroponic experiments use SWW
in the nutrient solution. It was intended that LAMP would be able to run with experimental
samples from the hydroponics system (SWW). Using a different medium depending on the
setting (LB broth for laboratory experiments and SWW for hydroponic experiments) may cause
the bacteria to grow differently. Therefore, this experiment was run to see if E. coli has similar
growth in LB media and SWW in both liquid and agar formats. LAMP was also run with both E.
coli in SWW and LB broth to see if the chemical components of the SWW interfere with the
LAMP reaction.
Methods
Two cultures were prepared: one containing one colony of E. coli K12 vortexed in 10 mL
of sterile LB broth and the other containing one colony of E. coli K12 vortexed in 10 mL of
autoclaved SWW. The starter cultures were incubated in a shaker at 37 C and 170 RPM for ~ 36
hours. After incubation, a set of serial dilutions (1:10 to 1:100,000) was prepared using LB broth
and SWW. The OD600 of the dilutions was measured. Petri plates containing LB agar and SWW
agar were prepared and inoculated with 200 uL of each dilution. The plates were incubated at 37
C for ~48 hours. Figure C1 shows E. coli K12 cultured in SWW and plated on SWW agar, and
after 48 hours of incubation there was no growth on any of the plates. Figure C2 shows E. coli
K12 cultured in LB broth and plated on LB agar, and after 48 hours of incubation there was
growth on all plates except the control (uninoculated LB broth). From these results, it is seen that
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LB broth allows for much better E. coli K12 growth than the SWW. The SWW may have
insufficient nutrients to support the growth of E. coli or other bacteria. In addition to the plates
pictured below, E. coli K12 cultured in LB broth was plated on SWW agar (stock, 1:1000, and
1:1000,000 dilutions) and had no growth after 48 hours. Next, E. coli K12 cultured for ~36 hours
in SWW was plated on LB agar (stock solution) and after 48 hours there were 22 colonies. From
these results we see that E. coli does not survive very long in liquid SWW.

Figure C1. E. coli K12 cultured in SWW and plated on SWW agar. No growth was
observed on any of the plates.

Figure C2. E. coli K12 cultured in LB broth and plated on LB agar. All plates except the
control showed growth.
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Next, to see if the composition of the SWW affects the LAMP reaction, LAMP
was run with the stock and dilutions of E. coli K12 cultured in LB broth and SWW (Figure C3).
For both SWW and LB broth media, the LAMP fluorescence intensity was highest for the stock
culture and 1:1,000 dilution. The stock SWW culture plateaued around 30 minutes into the
reaction, while the stock LB broth culture plateaued around 45 minutes.
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Figure C3. LAMP reaction run with dilutions (stock, 1:10 to 1:100,000) E. coli cultures in
SWW (top graph) and LB broth (bottom graph).
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APPENDIX D: BACTERIAL PLATING AND COLONY COUNTS FOR THIRD
HYDROPONICS EXPERIMENT

One important question within this research is: How long does E. coli K12 survive in the
recirculating nutrient solution of an NFT hydroponics system run with SWW? No quantitative E.
coli analysis was performed during the first hydroponics experiment in the Clemson greenhouse
in Spring 2020. In the second hydroponics run in the indoor lab in Summer 2020, E. coli and
total coliforms were analyzed only once a week, and no analysis took place the first two weeks
of running the system. Because of this lack of in-depth E. coli monitoring, a third hydroponic
experiment was conducted Spring 2022 to monitor the E. coli concentration in the nutrient
solution every day for three weeks via the plate count method. Three weeks was chosen as the
duration of this experiment because in the second hydroponics experiment there was zero E. coli
detected by the Quanti-Tray in Week 3, indicating that the E. coli dies off within the first three
weeks.
Three hydroponic systems were set up with nutrient solution containing SWW. System 1
was the control and had no E. coli, System 2 had a low concentration of E. coli (1 CFU/mL) and
System 3 had a high concentration of E. coli (10,000 CFU/mL). While the two previous
hydroponic experiments included fertilizer in the nutrient solution, this third experiment did not
use fertilizer in any of the tanks in order to investigate the bacterial survivability when only the
SWW ingredients are available.
The bacterial activity was successfully monitored via plate count every day for the threeweek duration. The E. coli was expected to die off within this time frame, however it survived
throughout the third week. Due to time constraints data collection had to be stopped at the
originally planned end time. From the data shown below in Table D1 it can be concluded that
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the E. coli survived at least 21 days of operation of the hydroponics system and very well could
have survived longer. Since no conclusive time frame was found for the survivability of E. coli
in the nutrient solution, these results are included in this Appendix rather than in the main body
of the thesis.
The concentration of E. coli internalized in the lettuce roots was also investigated in this
experiment. The following procedure was used to obtain E. coli counts from samples of lettuce
root (Pérez-Montano et al., 2014). First, the roots were cut from the lettuce head and were triplewashed with water to remove non-adherent bacteria. Equal amounts of washed roots from each
treatment were weighed out and transferred into a sterile falcon tube containing 2 mL of sterile
proteose-peptone water. The falcon tubes were then vortexed at maximum speed for two minutes
to achieve dissociation of the bacteria. After vortexing, 100 uL from each falcon tube was plated
on MacConkey agar in triplicate. The plates were incubated at 37 C for 24 hours and then E.
coli colonies were counted. The colony counts from the plating of lettuce roots samples are
shown in Table D2 and show that the assumed E. coli colonies internalized in the lettuce roots
are at much lower levels than the E. coli concentration in the hydroponic nutrient solution.
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Table D1. Daily counts of E. coli colonies from diluted samples of hydroponic nutrient solution
inoculated with E. coli. Corresponding images of the plates can be viewed at the following link:
https://docs.google.com/spreadsheets/d/1SJ2SBUXDdPZsjhW5HkeHst6_zujXVNUoW5_OzsaZ
bOo/edit?usp=sharing
2/10/2022

Day 1

System # & Dilution Replicate A
control original
9
control 1:10
0
control 1:100
0
control 1:1,000
0
low original
17
low 1:10
3
low 1:100
0
low 1:1,000
0
high original
7
high 1:10
0
high 1:100
0
high 1:1,000
0
high 1:10,000
0
high 1:100,000
0
2/11/2022

Day 2

System # & Dilution Replicate A
control original
134
control 1:10
2
low original
TNTC
low 1:10
66
high original
123
high 1:10
TNTC
2/12/2022

# colonies
100 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
101
98
111.0
1,110
3
15
6.7
667
TNTC
TNTC
TNTC
N/A
37
61
54.7
5,467
136
104
121.0
1,210
TNTC
TNTC
TNTC
N/A

Day 3

System # & Dilution Replicate A
control 1:10
TNTC
control 1:100
TNTC
low 1:10
TNTC
low 1:100
TNTC
high 1:10
TNTC
high 1:100
TNTC
2/13/2022

# colonies
100 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
21
8
12.7
127
4
1
1.7
167
1
0
0.3
333
0
0
0.0
0
37
65
39.7
397
4
15
7.3
733
0
1
0.3
333
0
0
0.0
0
16
23
15.3
153
1
3
1.3
133
0
0
0.0
0
0
0
0.0
0
0
0
0.0
0
0
0
0.0
0

# colonies
100 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
TNTC
TNTC
TNTC
N/A
TNTC
TNTC
TNTC
N/A
TNTC
TNTC
TNTC
N/A
TNTC
TNTC
TNTC
N/A
TNTC
TNTC
TNTC
N/A
TNTC
TNTC
TNTC
N/A

Day 4

System # & Dilution Replicate A
control 1:10,000
61
control 1:100,000
8
low 1:10,000
TNTC
low 1:100,000
TNTC
high 1:10,000
54

# colonies
100 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
71
TNTC
66
6,600,000
20
14
14
14,000,000
91
TNTC
TNTC
TNTC
N/A
TNTC
78
78
78,000,000
49
TNTC
51.5
5,150,000

2/14/2022

Day 5

System # & Dilution Replicate A
control 1:10^6
38
low 1:10^6
61
high 1:10^6
57
2/15/2022

Day 6

System # & Dilution Replicate A
control 1:10^6
15
control 1:10^7
2
low 1:10^6
29
low 1:10^7
6
high 1:10^6
2
high 1:10^7
1
plated 2/16/2022

Day 7

System # & Dilution Replicate A
control 1:10^6
13
low 1:10^6
0
high 1:10^6
2
plated 2/17/2022

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
7
11
11.00
220,000,000
1
3
2.00
400,000,000
34
31
31.33
626,666,667
5
4
5.00
1,000,000,000
0
0
0.67
13,333,333
0
0
0.33
66,666,667
50 ul plated
# colonies
Replicate B Replicate C Average Conc. of stock (CFU/mL)
17
53
27.67
553,333,333
3
1
1.33
26,666,667
3
1
2.00
40,000,000

Day 8

System # & Dilution Replicate A
control 1:10,000
0
control 1:100,000
0
low 1:10,000
1
low 1:100,000
3
high 1:10,000
2
high 1:100,000
0
plated 2/18/2022

# colonies
100 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
31
7
25.3
253,333,333
37
31
43.0
430,000,000
55
97
69.7
696,666,667

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
0
0
0.00
0
0
0
0.00
0
4
0
1.67
333,333
0
0
1.00
2,000,000
0
3
1.67
333,333
0
0
0.00
0

Day 9

System # & Dilution Replicate A
control 1:10
17
control 1:1000
0
low 1:10
TNTC
low 1:1000
5
high 1:10
TNTC
high 1:1000
27

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
10
14
13.67
2,733
0
0
0.00
0
TNTC
TNTC
TNTC
N/A
6
5
5.33
106,667
TNTC
TNTC
TNTC
N/A
22
26
25.00
500,000
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low 1:10
low 1:100
high 1:10
high 1:100

TNTC
TNTC
TNTC
TNTC

2/13/2022

Day 4

System # & Dilution Replicate A
control 1:10,000
61
control 1:100,000
8
low 1:10,000
TNTC
low 1:100,000
TNTC
high 1:10,000
54
high 1:100,000
20
plated 2/19/2022

TNTC
TNTC
TNTC
TNTC

TNTC
TNTC
TNTC
TNTC

TNTC
TNTC
TNTC
TNTC

N/A
N/A
N/A
N/A

# colonies
100 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
71
TNTC
66
6,600,000
20
14
14
14,000,000
TNTC
TNTC
TNTC
N/A
TNTC
78
78
78,000,000
49
TNTC
51.5
5,150,000
TNTC
30
25
25,000,000

Day 10

System # & Dilution Replicate A
control
156
control 1:10
14
low 1:10
TNTC
low 1:100
99
high 1:100
TNTC
high 1:1000
89

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
121
126
134.33
2,687
11
13
12.67
2,533
TNTC
TNTC
TNTC
N/A
85
91
91.67
183,333
TNTC
TNTC
TNTC
N/A
86
86
87.00
1,740,000

plated 2/21/2022 (samples
Day
from
11 2/20/22)
System # & Dilution Replicate A
control 1:10
38
low 1:100
129
high 1:1000
40
plated 2/21/2022

Day 12

System # & Dilution Replicate A
control
TNTC
control 1:10
54
low 1:10
TNTC
low 1:100
87
high 1:100
TNTC
high 1:1000
48
plated 2/22/2022

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
36
33
35.67
7,133
130
151
136.67
273,333
61
54
51.67
1,033,333

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
TNTC
TNTC
TNTC
N/A
42
42
46.00
9,200
TNTC
TNTC
TNTC
N/A
84
101
90.67
181,333
TNTC
TNTC
TNTC
N/A
58
53
53.00
1,060,000

Day 13

System # & Dilution Replicate A
control 1:10
97
low 1:100
26
high 1:1000
13

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
97
102
98.67
19,733
35
1
20.67
4,133
2
12
9.00
1,800
93

plated 2/23/2022

Day 14

System # & Dilution Replicate A
control 1:10
77
low
TNTC
low 1:10
56
high
TNTC
high 1:10
TNTC

plated 2/24/2022

Day 15

System # & Dilution Replicate A
control 1:100
16
low 1:100
17
high 1:10
70
high 1:100
20
plated 2/25/2022

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
113
119
101.33
20,267
183
194
185.00
37,000
179
191
197.67
39,533

Day 20

System # & Dilution Replicate A
control 1:100
11
low 1:100
182
high 1:100
81
plated 3/02/2022

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
3
1
4.67
9,333
2
26
9.67
19,333
13
5
27.67
55,333

Day 19

System # & Dilution Replicate A
control 1:10
72
low 1:10
178
high 1:10
223
plated 3/01/2022

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
16
8
14.00
28,000
17
34
27.00
54,000
32
37
37.67
75,333

Day 18

System # & Dilution Replicate A
control 1:100
10
low 1:100
1
high 1:100
65
plated 2/28/2022

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
0
14
10.00
20,000
21
36
24.67
49,333
TNTC
62
66.00
13,200
28
42
30.00
60,000

Day 16

System # & Dilution Replicate A
control 1:100
18
low 1:100
30
high 1:100
44

plated 2/27/2022

# colonies
50 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
94
103
91.33
18,267
TNTC
TNTC
TNTC
N/A
68
79
67.67
13,533
TNTC
TNTC
TNTC
N/A
TNTC
TNTC
TNTC
N/A

Day 21

System # & Dilution Replicate A

# colonies
100 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
22
20
17.67
35,333
121
149
150.67
301,333
101
96
92.67
185,333
94

# colonies
100 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)

System # & Dilution Replicate A
control 1:10
72
low 1:10
178
high 1:10
223
plated 3/01/2022

Day 20

System # & Dilution Replicate A
control 1:100
11
low 1:100
182
high 1:100
81
plated 3/02/2022

Replicate B Replicate C Average Conc. of stock (CFU/mL)
113
119
101.33
20,267
183
194
185.00
37,000
179
191
197.67
39,533

# colonies
100 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
22
20
17.67
35,333
121
149
150.67
301,333
101
96
92.67
185,333

Day 21

System # & Dilution Replicate A
control 1:100
0
low 1:100
72
high 1:100
12

# colonies
100 ul plated
Replicate B Replicate C Average Conc. of stock (CFU/mL)
0
0
0.00
0
56
69
65.67
65,667
24
28
21.33
21,333

Table D2. Daily counts of E. coli colonies from diluted samples of lettuce root solution.
Corresponding images of the plates can be viewed at the following link:
https://docs.google.com/spreadsheets/d/1SJ2SBUXDdPZsjhW5HkeHst6_zujXVNUoW5_OzsaZ
bOo/edit?usp=sharing
plated 2/23/2022

Week 2 Roots 50 ul plated
# colonies
System # & Dilution Replicate A Replicate B Replicate C Average
control 1:10
11
16
15
14
control 1:1000
3
0
0
1
low 1:10
9
20
24
17.67
low 1:1000
1
0
2
1
high 1:10
35
30
76
47
high 1:1000
0
3
3
2

plated 3/02/2022

Week 3 Roots 100 ul plated
# colonies
System # & Dilution Replicate A Replicate B Replicate C Average
control 1:10
0
8
0
2.67
control 1:100
0
0
0.00
low 1:10
2
2
1
1.67
low 1:100
27
2
14.50
high 1:10
18
26
14
19.33
high 1:100
12
23
17.50

95

APPENDIX E: CONFOCAL MICROSCOPY OF LETTUCE ROOTS

(figure continued on next page)
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Figure E1. (Top and bottom) Confocal images of lettuce root cross sections from lettuce plants
grown in SWW with no E. coli inoculation (control). Image is depicted on an 90 µm by 90 µm
scale.

97

(figure continued on next page)
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Figure E2. (Top and bottom) Confocal images of lettuce root cross sections from lettuce grown
in SWW with a low level of E. coli inoculated (Treatment 1). Image is depicted on a 90 µm by
90 µm scale.
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(figure continued on next page)

100

Figure E3. Confocal images of lettuce root cross sections from lettuce grown in SWW with a
high level of E. coli inoculated (Treatment 2).
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APPENDIX F: BIORANGER LAMP PROTOCOL FOR THE DETECTION OF
ESCHERICHIA COLI WITH MALB GENE PRIMERS
The entirety of the protocol, including table of contents and references, is accessible at:
https://docs.google.com/document/d/1YR5vUWuKfFVc9IqRNMIehagGYom2zcCl9k4KQTasg
Cg/edit?usp=sharing

I. Equipment and Reagents
Equipment

Reagents

•

Biosafety cabinet

•

DNA sample (provided by user)

•

BioRanger device

•

Nuclease-free water (NFW)

•

Tablet or Smartphone with

•

Lucigen LavaLAMPTM Master Mix

BioRanger app installed

•

Lucigen Green Fluorescent Dye

•

Cooler rack (preferred) or ice

•

Lucigen Positive Control Primer Mix

•

Spray bottle of 90% ethanol

•

Lucigen Positive Control DNA

•

Sterile microcentrifuge tubes in the

Sample
•

following sizes: 0.2 mL, 0.5 mL, and
•

1.5 mL

(F3, B3, FIP, BIP, Loop F and Loop

Pipettes and pipette tips in the

B)
•

following sizes: 0.1 - 2 µL, 2 - 20
µL, 20 – 200 µL pipette
•

IDT-DNA primers for malB gene

Vortex
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Molecular-grade mineral oi

II. Primer Resuspension and Stock Solution Preparation
1. Check to see if purchased primers are dry or in solution.
2. If dry, navigate to the websites below and follow the instructions for preparing and storing a
100 µM storage solution (Pazdernik & Speicher, 2017; Speicher, 2017).
Tips for resuspending and diluting your oligonucleotides (idtdna.com)
How to store oligonucleotides for greatest stability | IDT (idtdna.com)
3. Note that once the primer tubes are at 100 µM concentrations, these should be stored in a -20
C freezer. When preparing the LAMP reaction tubes, simply thaw the storage solutions of F3,
B3, FIP, BIP, Loop F and Loop B primer tubes for 5 minutes and then temporarily store in a
cooler rack or on ice during the reaction preparation.

III. Preparation of Primer Mix (PM) and Master Mix (MM)
1. Remove all six 100 µM primer stock solutions from the freezer. Allow to thaw for 5 minutes
then place in a cooler rack (preferred) or on ice.
2. Label a 0.2 mL tube “PM” for “Primer Mix” and place it in a microcentrifuge tube rack.
3. Follow Table 1 to pipette the appropriate volumes of each primer to the “PM” tube to the
create enough primer mix for the desired number of reactions. Add the reagents to tube from
largest to smallest volume (i.e. start with NFW and end with F3 and B3 primers). Once all
the reagents listed in Table 1 are added, vortex the tube and place on the cooler rack.
a. Note that the primer mix can be prepared in bulk in advance (20 - 30 reactions-worth
max), portioned out into several aliquots, and stored at -20 C. This will reduce the pipetting
error and will reduce the number of times the stock solution thaws and re-freezes. The MM
can also be portioned out into several aliquots, and this will help prevent contamination of
the stock Master Mix tube.
b. Never combine the Master Mix with the Primer Mix for freezer storage. If preparing
freezer aliquots, the MM and PM should be stored in separate tubes. It is recommended to
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prepare aliquots in sterile, DNA-free microcentrifuge tubes that have a screw top instead of a
flip top, as this will help prevent contamination.
Primers/Reagent

NFW
FIP
BIP

Final Primer
Concentration
(µM)
1.6
1.6

Loop F
Loop B

0.8
0.8

F3

0.2

B3
Total Volume of
Primer Mix (µL):

0.2
-

1
Reaction

3
Reactions

6
8
Reactions Reactions
Volume (µL)
11.45
15.26
2.00
2.68

16
Reactions

32
Reactions

1.91
0.33

5.72
1.00

30.52
5.37

61.00
10.75

0.33
0.16

1.00
0.50

2.00
1.00

2.68
1.34

5.37
2.68

10.75
5.38

0.16

0.50

1.00

1.34

2.68

5.38

0.04
0.04

0.12
0.12

0.25
0.25

0.33
0.33

0.67
0.67

1.34
1.34

3

9

18

24

48

96

Table F1. List of reagents needed to create Primer Mix for the desired number of reactions.
Adapted from page six of the LavaLAMP DNA MasterMix manual by (Lucigen, 2017).

IV. Preparation of Reaction Tubes
1. Sanitize your gloves, benchtop, and the bag of microcentrifuge tubes with ethanol.
2. Gently shake out several 0.2 mL microcentrifuge tubes out onto a sanitized surface – do
not reach hands into bags in order to avoid contamination.
3. Label tops of tubes with a permanent marker according to your experimental design.
Record your labeling scheme and the order that you will put the tubes into the BioRanger
wells.
4. Retrieve the aliquots or stock tubes of Primer Mix, Master Mix, Green Fluorescent Dye,
Positive Control Primer Mix, and Positive Control DNA from the freezer. Let thaw for 5
minutes and then place on cooler rack.
5. Pipette the required amount of each reagent according to Table F2.
a. Do not pipette from the stock solution repeatedly when preparing the reaction tubes. If
you have not prepared frozen aliquots ahead of time, then pipette the total amount of
reagent required + 10% more (to compensate for pipetting error) into a separate tube and
then pipette the individual volumes into the reaction tubes from the aliquot.
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For example, if you are preparing six reaction tubes, first pipette 79.2 µL (12 µL ×
6 tubes plus 10%) of Master Mix from the stock tube into a separate tube and then from
the new aliquot pipette 12 µL into each of the reaction tubes. The same approach can be
followed for the other reagents as well. This will help avoid contamination of the stock
tubes.
b. Each run should contain a Positive Control and a Non-Target Control to compare with
the sample data. This means that two of the eight BioRanger wells will contain controls,
and the other six wells can hold experimental samples.
c. The volume of dye is difficult to pipette because the tube is opaque, and the volume of
dye required is very small. For easier preparation, pipette the total dye volume for the
desired number of reactions into the Master Mix and pipette the mixture into the reaction
tubes from there.
For example, if you are running six samples then pipette 6 µL dye into the tube
containing the aliquot of Master Mix. From here, pipette 13 µL (12 Master Mix + 1µL of
dye) into each reaction tube that you intend to run after addition of primer mix and
sample.
d. To minimize chance of contamination, it is recommended that separate locations be
used for the preparation of the reaction tubes. In the first benchtop space, add all reagents
except the Positive Control DNA and the DNA experimental sample to the tubes. In the
second location, at the Positive Control DNA (if using a positive control) and the DNA
sample to the appropriate tubes. It is also recommended that any downstream analysis
after the LAMP reaction is finished is done in a third separate location, to avoid
contamination of the reaction tube location with amplified DNA.
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Reagents

Positive Control

Non-Target Control (NTC)

Experimental Sample

Volume (µL)
Nuclease Free Water

8

8

-

Master Mix

12

12

12

Positive Control Primer Mix

3.0

-

-

Positive Control DNA

1

-

-

malB Primer Mix

-

3.0

3.0

Experimental Sample

-

-

5.0

Dye

1

1

1

Final Volumes:

25

24

21

Table F2. LAMP reagent quantities per sample type for 1 reaction. Adapted from Table 1 of
the LavaLAMP DNA MasterMix manual by (Lucigen, 2017).
V. Running the LAMP Reaction
1. Once tubes are prepared, it is time to connect the BioRanger to the tablet via Bluetooth. In the
app on the tablet, select ‘CONNECT MENU’ and then select the name associated with the
specific BioRanger device you are using.
a. The Vanegas Lab BioRanger device is named ‘RNBT-9975’.
2. Under ‘Analysis Method’, select your desired default or custom reaction (for example,
‘Default with Preheat’). Check that the temperature and time of the reaction step, preheat step,
and denaturation step are all correct.
3. Select “Start Reaction”. Then select ‘Label Options’ at the bottom of the screen. Name each
well and then press ‘Accept’ at the bottom to return to the Run screen. The wells are numbered 1
to 8 from left to right.
4. Once the run is complete select ‘Quit’. BioRanger has saved this data under ‘Options’ and ‘Share
Data’.
a. The Vanegas Lab BioRanger data is stored in the “BioRanger” folder on the table. To
email this data to the user, select the appropriate Excel file (with the correct date and time the
reaction took place) and open the file using Chrome. The Excel file will open and in the upper left
corner there will be the option to email the file.
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b. Note that the BioRanger device can run two times back-to-back but then must have a
cool-down period of 5 - 10 minutes.

VI. Disposal of LAMP Materials
Inoculated liquid media: Should be autoclaved to kill the bacteria. Use a metal spatula to remove
the inoculated agar and put this in a glass bottle for autoclaving. Discard the autoclaved agar in a
normal waste bin.
Glass petri plates and beads: After inoculated agar is removed, glass plates should then be soaked
in bleach solution, washed with soap, and wrapped in paper to be autoclaved for sterilisation.
Dry the autoclaved glass plates in oven and keep them covered with paper wrapper until further
use.
Used (contaminated) glass beads can be stored in a plastic falcon tube or glass bottle until they
can be autoclaved. Once sterilised, beads can be reused to spread the culture.
Inoculated plastic petri plates: Put the plates in a polypropylene (autoclaveable bag) and
autoclave it for at least 30 min at 121 C and discard according to institutional biosafety
instructions.
Leftover DNA and primers: Use of 10% sodium hypochlorite (Clorox) can destroy the unwanted
DNA. Add Clorox in the tube containing DNA and leave it for few minutes.
LAMP product: Do not open the LAMP tubes after amplification because there will be a high
quantity of amplicons. If not using the amplicon for downstream analysis, discard the tubes in
the biohazardous waste bin to dispose of according to institutional biosafety regulations.
Pipettes: Can be sterilized with the help of ethanol and a paper towel. Spay 70% ethanol on paper
towel and wipe the pipettes.
Pipette tips: Tips used for the LAMP reagents should be discarded in a biohazardous waste bin.
Working Bench: Clean the bench with 90% ethanol every time before and after working on it.
Clean it with Clorox at least once a week.
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APPENDIX G: SUPPLEMENTAL FLUORESCENCE GRAPHS OF SOFTWARECORRECTED AND RAW DATA

Fluorescnece Intensity (RFU)

1,600,000
1,400,000

Tube 1 (5ul pellet; 12ul MM)

1,200,000

Tube 2 (5ul 5 colonies; 12ul MM)

1,000,000

Tube 3 (5ul 15 colonies; 12ul MM)

800,000

Tube 4 (3ul pellet; 15ul MM)

600,000

Tube 5 (3ul 5 colonies; 15ul MM)

400,000

Tube 6 (3ul 15 colonies; 15ul MM)

200,000

+ control
NTC

0
0

20

40

60

Reaction Time (minutes)

Fluorescence Intensity (RFU)

Figure G1. Amplification graph of raw fluorescence data corresponding to Figure 2.7 (July 1,
2021)
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800,000
600,000
400,000
200,000
0

NTC (Tube 7), Well 1
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NTC (Tube 3), Well 5

NTC (Tube 4), Well 6
NTC (Tube 2), Well 7
NTC (Tube 6), Well 8
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20
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80

100

120

Reaction Time (minutes)

Figure G2. Amplification graph of raw fluorescence data corresponding to Figure 2.8 (July 13,
2021)
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Fluorescence Intensity (RFU)

120,000

100,000
NTC, Well 3
80,000
Tube 1 (pellet; 0.5x dye), Well 5
60,000
Tube 2 (pellet; 0.5x dye), Well 1

40,000

Tube 3 (pellet; 0.5x dye), Well 8

20,000

Empty, Well 6

0
-20,000
0

20

40

60

Reaction Time (minutes)

Fluorophore Intensity (RFU)

120,000
NTC, Well 3

100,000

Tube 1 (pellet; 0.5x dye), Well 5

80,000

Tube 2 (pellet; 0.5x dye), Well 1
60,000

Tube 3 (pellet; 0.5x dye), Well 8

40,000

Water, Well 2
Water, Well 4

20,000

Water, Well 6

0

Water, Well 7

-20,000
0

20

40

60

Reaction Time (minutes)
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Fluorophore Intensity (RFU)

120,000
100,000
80,000

Positive Control, Well 7
NTC, Well 3

60,000

Tube 1 (pellet; 0.5x), Well 5
Tube 2 (pellet; 0.5x dye), Well 1

40,000

Tube 3 (pellet; 0.5x dye), Well 8
20,000

Empty, Well 2
Empty, Well 4

0

Empty, Well 6
-20,000
0

20

40

60

Fluorophore Intensity (RFU)

Reaction Time (minutes)

7,000,000

NTC, Well 3

6,000,000

Tube 1 (pellet; 0.5x dye), Well 5

5,000,000

Tube 2 (pellet; 0.5x dye), Well 1

4,000,000

Tube 3 (pellet; 0.5x dye), Well 8

3,000,000

Empty, Well 2

2,000,000

Empty, Well 4

1,000,000

Empty, Well 6

Positive Control, Well 7

0
0

20

40

60

Reaction Time (minutes)

Figure G3. Amplification graphs of corrected fluorescence data corresponding to Figure 2.9
(top to bottom: 55 C, 58 C, 62 C, 68 C)
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Fluorescence Intensity (RFU)

35,000
30,000
NTC, Well 3

25,000

Tube 1 (1ul DNA sample), Well 5

20,000

Tube 2 (1ul DNA sample), Well 8

15,000

Tube 3 (3ul DNA sample), Well 6

10,000

Tube 4 (3ul DNA sample), Well 4
Tube 5 (5ul DNA sample), Well 2

5,000

Tube 6 (5ul DNA sample). Well 7
0

Empty, Well 1

-5,000
0

20

40
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Figure G4. Amplification graph of corrected fluorescence data corresponding to Figure 2.11
(October 1, 2021)

Fluorescence Intensity (RFU)
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Tube 1 (1ul E coli DNA), Well 3

4,000

Tube 2 (1ul E coli DNA), Well 5
Tube 3 (1ul E coli DNA), Well 4

2,000

Tube 4 (1ul E coli DNA), Well 2

0
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Empty, Well 1

-2,000

Empty, Well 7

-4,000
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0
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40
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Figure G5. Amplification graph of corrected fluorescence data corresponding to Figure 2.13
(October 28, 2021)
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