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Abstract
Urea is the most commonly used nitrogen compound in fertilizers across the world. It
provides the most nitrogen at the lowest cost. However, with the size and solubility of this
compound, it is easily washed out of the soil. This results in the need to continuously add
fertilizer to fields, creating adverse effects on the environment due to nitrogen runoff and leading
to increased expenses for farmers. Triuret, a urea oligomer, is a compound with promising
potential for use as a nitrogen source, providing a slower release of nitrogen into the soil. It is
hypothesized that this compound can be applied to crops in a similar manner to urea and be
broken down slower by naturally existing soil microbes. In this study, a series of 7 different ratios
of urea:triuret were used on corn plants to evaluate the viability of triuret as a nitrogen
substitute, an additional set without nitrogen was used as a control. Microbial enrichments were
done to evaluate whether naturally occurring soil bacteria could grow on triuret as a nitrogen
source. Soil was collected from the surface of the plant, as well as the rhizosphere and grown
on liquid media. Results showed that triuret has a toxic effect on corn plants and prevents
successful maturity. In a follow up experiment, a portion of soil was autoclaved to evaluate
whether the toxicity is caused by the triuret compound itself, or due to breakdown products
created by soil microbes. This experiment showed a delayed effect of the triuret on plant health,
but after approximately 14 days in the lifecycle of the plant, toxic effects began to be observed
and growth was significantly inhibited. Studying the effects of these alternative nitrogen
compounds on plant health is important for finding a solution to nitrogen deficiency and the
nutrient runoff crisis.
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Chapter 1: Background and
Significance
Maize
Maize is the number one feed grain in the United States, accounting for more than 95%
of feed grain production and use. It is the main energy ingredient in livestock feed, and it is also
used in a number of industrial products such as starch, sweeteners, beverages, and ethanol (1).
The U.S is also the largest global producer of corn, exporting between 10 and 20 percent of the
annual product. Most corn in the United States is grown in Iowa, Illinois, Kentucky, Ohio,
Nebraska, Indiana, and some parts of South Dakota and Missouri, adding up to 15.1 billion
bushels in 2018 (17). The acreage per corn farm has risen in recent years, most likely due to
the growth in ethanol production, but much of it is still used in livestock feed and industrial
products (Figure 1). Therefore, yield and crop health are extremely important to farmers.
Improvements in technology for seed variety, pesticides, machinery and fertilizers have helped
aid in the demand for high corn yields (Figure 1) (1).
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Nitrogen, an essential ingredient in fertilizers, is most often applied in the form of urea.
As of 2014, 23% of nitrogen based fertilizers used urea as the primary nitrogen source, equating
to 6.65 million tons used per year (2). While nitrogen is considered the most important nutrient
for plants, other components of fertilizer include phosphorus, potassium, calcium, magnesium
and sulfur to supplement growth (3). Nitrogen is essential for photosynthesis and protein
formation, which in turn makes the plant nutritious to eat. Maize takes up about half of the
amount of nitrogen it needs between the V8 and V10 cycles of growth, which occur
approximately 30 days after planting (Figure 2). Corn deficient in nitrogen may exhibit stunted
growth, and yellowing or curling of the leaves (Figure 2). Nitrogen stress at any time during the
plant's life can decrease yield, similar to drought, insect feeding or disease.

Nitrogen in the environment
Currently in the United States, urea is the number one used nitrogen component in
fertilizers (2). Urea, is a small molecule containing 46% nitrogen and it is easy to make, resulting
in a cheap and efficient option. With the small size of the molecule, it is easily broken down into
ammonia and carbon dioxide, which plants use for growth and development. Nitrogen reactions
in the soil are closely related to both temperature and moisture conditions, which means
excessive rainfall or irrigation can threaten soil nitrogen reserves and dry conditions can prevent
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applied nitrogen moving from the point of application to the root zone of the plant. Many farmers
have aided these issues by applying fertilizer to the field multiple times a year (4).
After nitrogen is applied to the fields,
nitrification converts ammonia to nitrate,
which can move with the soil water and
enter the plant (Figure 3A). The nitrification
process is most often aided by bacteria
using the enzyme urease, allowing the
breakdown of urea into ammonia and
allowing its movement below the surface of
the soil and into the roots of plants. Urease
has been found to be significant to
environmental transformations of
urea-based compounds (13) and is present
in many plants and bacteria (18). Urease
acts by hydrolyzing urea to ammonia and
carbonate, leaving carbonate to
spontaneously decompose into another
molecule of ammonia and carbon dioxide (19) (Figure 3B). This reaction yields compounds
readily available for plant uptake and usage.
The nitrification process allows nitrogen components to be converted into usable
products for plants, but it can also result in a major loss of nitrogen when soils are saturated
with water for two or three days. If soil is waterlogged, either due to irrigation or heavy rainfall,
nitrogen is lost in the form of nitrate via a leaching process. Leaching occurs in many soils, but
can be worse in soils with high porosity and permeability. Water movement through soil can
absorb soluble salts, like nitrate, and flush through the soil, leaving nitrate to accumulate in
groundwater or runoff (22) (Figure 4). This can account for a large amount of nitrogen loss with
plants on the field, but often becomes worse with the harvesting and removal of crops each
season. If nitrogen levels are not depleted by the time plants come off the field, leaching
post-plant removal accounts for the highest loss of nitrogen (4) (Figure 4).
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Aside from an increase in cost for farmers who need to replace the nitrogen on the field
each year, excess nitrogen run-off also has a large impact on the environment. Leached nitrate
makes its way from fields to local streams and eventually to the Mississippi river. The
Mississippi makes its way to the southern U.S, picking up other macronutrients from major rivers
such as the Missouri and its tributaries, it dumps into the Gulf of Mexico where we find
eutrophication events. The Mississippi-Atchafalaya River Basin (MARB) contains water from 31
states consisting of runoff from sewage and agricultural fertilizers (14). The influx of excess
nitrogen and other nutrients (Figure 5) stimulate the abundant growth of plants and algae. This
then depletes the oxygen available in the water and other organisms die off (15). These harmful
effects and the need to improve efficiency of nitrogen sources in fertilizer have sparked an area
of research to find an alternative.
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Relevant nitrogen alternatives
Recent research investigating alternative options for urea applications in fertilizer include
a series of coatings and molecular polymers that are intended to drastically slow the breakdown
of urea, reducing the amount of nitrogen released into the soil. These slow release fertilizers
(SRF) which is defined as a “conventional fertilizer coated with a natural or semi natural,
environmental friendly macromolecule material that retards the fertilizers release to such a slow
pace that a single application to the soil can meet nutrient requirements for model crop growth”
(5). Previously, sulfur, polyethylene, polystyrene, and polyesters have been used for
consistency, but were soon discarded due to the possibility of increasing soil acidity (sulfur) or
the accumulation of plastic residue in the soil (synthetic polymers) (5, 20). Other alternatives,
although biodegradable and safe, could add another manufacturing step and increase the cost
of the fertilizer. The coating of urea also does not take into account several other factors
including temperature, soil pH, or the chemical, physical, and biological transformations that
urea must go through in order to produce compounds available to plants.
Another potential alternative is the use of
nanocomposite materials and the polymerization of urea with
other compounds such as paraformaldehyde (6). Again,
these compounds would contain additional steps in
manufacturing which would increase the cost of fertilizer, but
could also affect the way in which urea, ammonia and carbon
dioxide are released. The polymer additions may also
change the affinity urease has for the compound, preventing
breakdown by soil microbes.
A better alternative would be to use urea oligomers,
all of which are naturally created as a by-product in urea
formation. Two of the most common oligomers, biuret and
triuret, would offer a slower release of nitrogen into the soil,
reducing the amount lost to leaching while still providing an
adequate amount of nitrogen to the plant. Biuret is a dimer of
urea, while triuret is a trimer (Figure 6).
Biuret was originally discovered as a common byproduct in urea formation. Research
dating back to the 1960’s showed that this compound exhibits harmful effects on plants (8).
Toxic effects attributed to biuret include seed germination prevention and reducing plant growth
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indefinitely. Other studies have hypothesized that biuret can affect germinating seeds by lining
the roots and obstructing metabolic pathways, which prevents normal development and highly
stunted growth compared to the treatments with 100 percent of the required nitrogen provided
as urea (7). Fertilizer companies are now required to keep biuret under 2% in urea based
fertilizers to ensure there will be no harmful effects on the plants. Although biuret is toxic to
plants, the ability of naturally occurring microorganisms to breakdown biuret seems to be
widespread (8) which leaves some curiosity in using other similar compounds. In contrast to
research in biuret, the effects of triuret, another oligomer of urea, on plant growth have not been
studied in detail. It has a much lower solubility than urea and contains 38 percent nitrogen.
Based on research documenting the widespread microbial degradation of biuret, it is
hypothesized that microbes would be able to metabolize triuret and use it as a nitrogen source.
If triuret is mineralized by soil bacteria, and shows no harmful effects on plant growth while still
supporting good crop yield, it may be a great candidate for a slow release fertilizer.
This main goal of this study was to evaluate the effects of triuret as a sole nitrogen
source for corn and determine how it is metabolized in soils. Two separate growth experiments
were done to evaluate triuret toxicity. The first consisted of using 7 different ratios of
urea:triuret, as well as a no nitrogen control to evaluate the growth of corn plants soil. The
second growth experiment was done using sterilized soil and 100 percent triuret, urea, and
biuret as nitrogen fertilizers. Soil samples were collected from the plants to run high
performance liquid chromatography in order to assess the degradation and breakdown products
of triuret. Additional soil samples were collected and used to start bacterial enrichment cultures
to isolate triuret degrading organisms. Strains grown in liquid media containing triuret as the
main nitrogen source were screened for degradation using a “ triuret clearing plate” assay.
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Chapter 2: Effects of Triuret and Urea
on Plant Growth
Introduction
Biuret hydrolase is an enzyme with the ability to degrade biuret to allophanate and
ammonia. This enzyme is thought to have evolved from the prominent use of herbicides, as
biuret is also a by-product of the metabolism of s-triazines (9). Other research however
suggests that this enzyme may have arisen independently (10). Regardless of the evolution of
biuret hydrolase, a homologous enzyme with the name TrtA has also been identified and is very
similar in structure to biuret hydrolase. To date, the only triuret hydrolase enzyme that has been
purified is from the bacterium Herbaspirillum seropedicae BH-1.  Herbaspirillum sp. is a soil
bacterium that possesses the ability to break down triuret. The triuret hydrolase enzyme was
discovered through bioinformatic analyses. The enzyme was discovered after observing the
genome for biuret hydrolase and finding a “co-occurring homologous sequence” that revealed to
be an entirely different enzyme, TrtA. The sequence identity of the Herbaspirillum sp. t riuret
hydrolase with biuret hydrolase is ~50% but it has no catabolic activity on biuret (16).
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Until recently the triuret hydrolase and biuret hydrolase enzymes were thought to
catalyze the degradation of biuret, while in fact they metabolize different compounds. TrtA
degrades triuret into biuret, while biuret hydrolase degrades biuret into allophanate. It is
hypothesized that biuret hydrolase may also degrade carboxy biuret into biuret, and other
compounds such as urea or ammonia. (Figure 7). In addition to this finding, recent research
showed that many organisms that contain biuret hydrolase also contain triuret hydrolase (16).
This suggests that, in occurrence together, these enzymes could complete a pathway degrading
triuret to ammonia while also mediating the release of ammonia (Figure 8).

In contrast, the well understood enzyme urease allows for a quick release of ammonia
into the soil and is present in 17-30% of soil bacteria (21). As mentioned in the introduction,
urease is a highly important enzyme for the degradation of urea, whether it is naturally occurring
or applied through fertilizers. However, because of the impacts high amounts of nitrogen can
have on the environment, an alternative enzymatic pathway that allows for a slower, or reduced
amount of nitrogen release may be advantageous. Harnessing the ability of the TrtA-biuret
hydrolase pathway to degrade triuret could aid in lowering the amount of excess nitrogen while
still providing appropriate amounts of nitrogen to the
plants. Based on this information, we hypothesize
that microbial triuret degradation in soils is feasible
and can provide ammonia and carbon dioxide in a
more controlled fashion than urea alone. To address
this question, the effects of triuret on plant health
need to be evaluated. If triuret is as toxic to plants as
previous studies have shown biuret to be (7, 8, 11),
then it would not be a good alternative.
To investigate the effectiveness of triuret as a
fertilizer, the consequences of using various
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concentrations of this compound on plant growth were investigated. Eight treatments were
created with varying ratios of urea:triuret provided as nitrogen sources for plant growth (Table
1). The hypothesis for this experiment was that triuret would be a non toxic substitute for urea,
allowing for a slower release of nitrogen into the soil while still providing an adequate amount of
nitrogen for the plant to grow.
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Methods
Establishing Treatments
Macro and micronutrients important to successful plant health were identified and
calculated to reflect appropriate field ratios (Table 2). The nutrients, potassium sulfate, calcium
phosphate, urea, and triuret were measured on a balance and placed in clean coin envelopes.

One gallon square plastic pots with approximately 6.61 lbs of soil (3000 grams) were
used for the experiment. The rate of nutrient per acre was used to calculate the amount of
chemical additives needed per pot. Each pot was used in conjunction with a round plastic tray
to catch excess water. There were a total of eight treatments, consisting of four replicates.
Treatment one contained 100% urea and treatment eight contained no nitrogen. Treatments two
through seven contained an increasing ratio of triuret to urea, ending with 100% triuret in
treatment seven.
Planting
Soil for the plants was obtained from a collaborator at the University of Minnesota. The
soil had not been treated with nitrogen for an extended period of time. Before using it for
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planting, the soil was cleaned by removing all extraneous root and plant material, as well as
rocks. Thirty two clean pots were collected with trays to fit underneath each. 3000 grams of
clean soil was weighed out on a large scale and the corresponding nutrients were mixed in
thoroughly. A piece of paper towel was placed on the inside of the pot to prevent loss of soil
through the bottom and the soil-nutrient mixture was added.
After the soil was added to the pot, 150 mL of water was added to bring the final mass to
3,285g. On the surface of the soil, eight holes, approximately one inch deep, were made one
inch from the edge of the pot. A corn seed was placed at the base of each hole and then
covered. Each pot was labeled with a plastic stake and the corresponding treatment.
An online random number generator was used to generate a random arrangement of the
plants on the table in the greenhouse (12). Four sections were created (A-D) to represent the
replicates in each treatment, and the eight treatments were placed randomly within the sections.
The pots stayed in that location for the remainder of the study and watering of the plants took
place once daily. Greenhouse temperature and amount of light was reflective of exterior
conditions. The temperature ranged from 20°C - 32°C and the glass roofing allowed for full
sunlight when there was no cloud cover.
Thinning and Measuring
Nine days after planting, the pots were thinned down to two healthy plants. Thinning
allowed for more room in the pot for the remaining plants to grow without obstruction. The
number of plants germinated was recorded before removing all but two of the plants. This was
done by pulling out as much of the whole seedling as possible. Leaving the meristem or whole
part of the plant could result in it resprouting. These plants were discarded. The two remaining
seedlings were measured with a ruler in millimeters and recorded. Measurements of the plants
were taken once weekly from here until the 21 day mark when the plants were measured twice
weekly until harvesting. At this time the plants were also large enough and needed to be
watered twice daily, morning and evening. Observations of plants were taken daily and photos
of the plants were taken 1-2 times per week.
Harvesting
Measuring and watering took place as previously stated until the control plants (100%
urea) reached a height exceeding 1000mm (1m). At this point, around 34 days, the plants would
be too big to continue healthily in the 1 gallon size pot and needed to be harvested. Data had
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been collected and trends with increasing triuret usage were obvious. The harvesting process
began by taking one last height measurement of the plants and then pulling them out of the pot,
which brought with it the soil. The plants were then cut at the base, close to the surface of the
soil and set aside.
The root system of each plant was separated as best as possible and rhizosphere
samples were taken for each. Rhizosphere samples were taken in hopes of collecting bacteria
associated with the root zone of the plant. Rhizobia are able to fix nitrogen from the air and
convert it to ammonia for plants to use (25). Soil bacteria from this area of the plant were
collected to determine if they would be able to grow on triuret as a sole nitrogen source. A
section of root(s) was cut and placed in a 50mL conical tube, labeled and sealed. A bulk soil
sample was also collected from the remaining material that did not contain roots. This sample
would allow us to collect any bacteria that were not associated with the roots, but rather
naturally existed in the soil. This was placed in a 15mL conical tube, labeled and sealed. The
remaining soil and root system was dumped in a bin for composting. The plants from each pot
were set aside with a label. This process was repeated for each pot.
After all of the plants were harvested they were placed in labeled paper bags and put in
a 60°C oven for 48 - 72 hours. After having dried for an extended period of time, the plants were
weighed for biomass and put back into the paper bag.
Grinding
Immediately after the plants had been dried and weighed they were ground into powder.
The two plants from each treatment replicate were placed into an industrial grinder and
collected in a coin envelope. The envelope was labeled and set aside. The grinder was cleaned
of any plant material from the remaining replicate and the process was repeated for the next two
plants. Grinding of the plants allowed for a fine powder that could later be used for total nitrogen
analysis.
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Results
Triuret prevents healthy growth of maize plants
Corn seeds were planted in pots containing
7 different nitrogen ratios, with the addition
of one set without nitrogen. Each pot
originally contained 8 seeds and after 9
days, the plants were thinned to the two
healthiest (tallest) seedlings. At this stage,
signs of triuret toxicity were starting to show
(Figure 9). Corn plants in pots containing
over 50% triuret were smaller and showed
more discoloration than plants being
exposed to less than 50% triuret. These
observations became much more drastic after another week (7 days) of growth. 50% or more
triuret present in the soil was stunting the growth of the plant while plants exposed to <50%
triuret were growing quickly and appeared normal when compared to the 100% urea control.
Over the 34 day period, the plants continued in a similar pattern. Plants in soil with <50% triuret
grew better than those with a higher percentage of triuret and than the plants without the
presence of nitrogen in the soil (Figure 12). The 75% and 100% triuret treatments grew very
little and by the end of the 34 day experiment were unlikely to grow any more. The leaves of the
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plant were brown and curled, drastically different compared to the healthy plants at the end of
the experiment (Figure 10a and 10b). Treatment 5, containing 50% triuret and 50% urea
showed the most variance between each replicate (Figure 10c). Some plants in this treatment
were able to grow taller, while others grew similarly to treatments 6 and 7. All of which, however,
showed to be less successful than plants exposed to no nitrogen source (Figure 10d, Figure
11).
Small signs of toxicity in plants exposed to 25%
triuret were also seen, although much less drastic than
in higher percentage treatments. These signs included
thinning of leaves or small holes and slight discoloration
(yellowing) (Figure 11). None of which, however,
prevented the plant from reaching the goal benchmark
height of 1000mm. Other visual cues regarding plant
health appeared as normal. The last two treatments
containing 13% and 6% triuret were healthy and were
comparable to the urea control. Significance testing
showed that the average plant height for treatments containing no nitrogen, 50% triuret, 75%
triuret, and 100% triuret were significantly (p < 0.007) shorter than the average plant height of
the 100% urea control treatment (Figure 12).
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After the growth experiment was finished, biomass was collected after drying the plants
in a 60℃ oven. The plants were weighed immediately out of the oven and an average biomass
was calculated for each treatment (treatments consisted of 8 individual plants). Masses of
individual plants varied from <1 gram to ~5 grams, depending on treatment. Significance testing
showed that only two treatments, 75% triuret and 100% triuret, weighed significantly (p < 0.007)
less than the plants in the 100% urea control treatment (Figure 13).
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Discussion and Conclusions
The results show a strong correlation between plant health and amount of triuret used in
the soil. The more triuret used, the shorter and less massive the plant gets. In this study, the no
nitrogen control grew better than
plants treated with 50% or more
triuret (Figure 14), indicating there is
a detrimental effect due to the
presence of triuret, not due to a lack
of available nitrogen in the soil.
Treatments containing no nitrogen,
50% triuret, 75% triuret and 100%
triuret were significantly (p < 0.007)
shorter than the 100% urea control.
After this experiment, it was evident
that treating the plants with more
than 25% triuret greatly inhibited growth and prevented proper metabolic functioning. It was
hypothesized that toxicity due to the presence of triuret wasn’t due to the compound itself, but
instead was due to products of triuret breakdown. Assuming triuret hydrolase is widespread, soil
microbes should have the ability to breakdown triuret into biuret, urea, ammonia, and carbon
dioxide. In order to investigate the reason for toxicity and prove whether it was due to triuret,
further experiments need to be carried out to analyze the presence of breakdown products in
soils. Previous studies have shown that biuret causes harm to corn seedlings (8), and other
plants (7, 11). Toxic effects included preventing germination (8), curled or brown leaves, and
significantly stunted growth (7). These effects are similar, if not the same, to effects seen in this
growth experiment. However, research on the effects of triuret alone have not yet been done.
When compared to previous studies, these plants exhibit signs of toxicity similar to the toxic
effects of biuret, but it cannot be ensured that triuret does not also induce similar effects on the
plant. In order to better understand whether triuret, or the breakdown products of triuret cause
toxicity, further experiments need to be done.
This experiment was a thorough greenhouse investigation as to the effects of triuret as a
slow release nitrogen fertilizer. The results suggest that triuret is not a viable option for large
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scale field applications due to the toxic effects observed on plants treated with this compound.
Further investigations are needed to show if there is a link between the byproducts of triuret
breakdown and the harmful effects on plant growth. Triuret might still remain an option for slow
release fertilizers when used in combination with bacteria strains that have the ability to
completely mineralize this compound to urea and carbon dioxide. Enriching soil with such
strains may allow for a non-toxic alternative. An additional option would be to supply biuret and
triuret hydrolases with the fertilizer. These enzymes could take a pellet form, being a simple,
environmentally friendly addition to fertilizers. This approach could provide an effective solution
to the nitrogen run-off crisis.
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Chapter 3: Determining the Source of
Plant Toxicity
Introduction
Previous research has shown that in bacteria that contain biuret hydrolase, around 44%,
have both biuret and triuret hydrolase enzymes (Figure 8). These proteins are strikingly similar
in terms of their DNA sequence identity and the overall reaction they catalyze but their
substrates are different. The amino acid sequence identity between biuret hydrolase from
Rhizobium leguminosarum and the triuret hydrolase from Herbaspirillum sp. BH-1 is
approximately 48% (16). However, not all bacterial strains encoding a triuret hydrolase contain a
biuret hydrolase. This could potentially cause problems when treating soil with triuret. Bacteria
break down triuret into biuret, leaving a toxic compound in the soil where it can interfere with
plant viability. The exact cause of toxicity is currently undetermined, but it is known that biuret is
toxic regardless of how it comes into contact with the plant (soil or foliage). Biuret has been
shown to be an effective pre-emergence herbicide for weeds, and a period of at least 6 weeks
was needed before the addition of crops (11). Other hypotheses include biuret targeting
germinating seedling, plant roots, and evidently the obstruction of metabolic processes (8).
Effects such as curling of leaves, discoloration and death of seedling are all symptoms that
correlate with the first experiment of this project. Based on these results, it was necessary to
investigate the cause of the plant toxicity phenotypes observed. Were the toxic effects due to
triuret treatments? Was a product of triuret degradation causing the plant viability issues?
The main hypothesis for this set of experiments was that triuret could be degraded into
other components via biodegradation by naturally occurring soil microbes. One of the predicted
breakdown products could be biuret, which has been previously identified as toxic (7, 8). In
order to test this hypothesis, soil samples were taken from each pot and High Performance
Liquid Chromatography (HPLC) was run to determine the presence of triuret and its degradation
products. The HPLC would provide a better understanding of what nitrogen compounds were
present in the soil at the end of the first growth experiment. In addition to the HPLC findings,
plant health was documented again, this time without bacteria in the soil. The goal of this growth
experiment was to determine how the presence of bacteria in the soil plays a role in plant
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health, and whether bacterial degradation of triuret into biuret, or just the presence of triuret
itself is causing plant toxicity. The experiment was started, this time using autoclaved soil in
hopes of eliminating most, if not all, bacteria. Without bacteria in the soil, there is little to no
assistance with the breakdown of triuret, either allowing the plant to grow similar to the urea
control, or proving the triuret alone is toxic.
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Methods
High Performance Liquid Chromatography to determine the products of triuret degradation in
soils.
Bulk soil was collected from the pot after harvesting the plants from the first growth
experiment. Potassium chloride was used to extract the nitrogen products from the soil, as it is
a standard to use for the extraction for soil nitrogen species. KCl works by “salting out” the
compounds that are unwanted and making charged species more soluble. Four to five grams
of the bulk soil were placed into a conical tube with 5 mLs of 10mM potassium chloride
solution. Each tube was vortexed to fully mix the solution and then centrifuged. Between
500uLs and 1mL was pulled off the top and placed in a glass HPLC vial. The vials were set up
and run through the HPLC. A 1x15cm (300mm) C18 column was used with a gradient of
methanol and 0.1% formic acid in water mobile phase. The C18 column was a Waters
μBondapak column, silica-based reversed-phase with 125Å pore size. Water was used as a
blank and UV absorbance was followed at 200nm.
Establishing Treatments
Macro and micronutrients important to successful plant health were identified and
calculated to reflect appropriate field ratios. The nutrients, potassium sulfate, calcium
phosphate, urea, biuret, and triuret were measured on a balance and placed in clean coin
envelopes. Approximating 6.61 lbs of soil
per pot, (3000 grams) were used for this
experiment. The rate of nutrients per acre
was used to find the amount of chemical
additives needed per pot. There were a
total of six treatments, consisting of two
replicates. Treatment one contained
100% urea, two contained 100% biuret,
three contained 100% triuret and four
contained no nitrogen. Treatments five
and six would be non sterile soil with a large crystal triuret and urea. The large crystal triuret
(2mm chunks) was used to determine whether or not a larger particle size slowed degradation
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and reduced negative effects compared to the powdered triuret. Since the triuret itself would be
applied in a larger form, it was hypothesized that a larger particle would take longer to degrade.

Autoclaving Soil
Soil for the plants was obtained from a collaborator at the University of Minnesota that
had retrieved the soil from a field. The soil texture was moist, slightly sandy but mostly
composed of dark brown dirt. The soil had not been treated with nitrogen in an extended period
of time. Before using it for planting, the soil was cleaned by removing all extraneous root and
plant material, as well as rocks. Using one gallon pots to approximate, 9 gallons of soil was
placed into multiple wash bins. Each wash bin was covered with tin foil and placed in the
autoclave for two 60 minute cycles. Twenty four hours after autoclaving the soil was mixed and
used to plant.
Planting
Twelve clean pots with plastic trays to fit underneath were obtained. 3000 grams of clean
soil was weighed out on a large scale and the corresponding nutrients were mixed in
thoroughly. A piece of paper towel was placed on the inside of the pot to prevent loss of soil
through the bottom and the soil-nutrient mixture was added. After the soil was added to the pot,
150 mL of water was added to bring the final mass to 3,285g. On the surface of the soil, eight
holes, approximately one inch deep, were made one inch from the edge of the pot. A corn seed
was placed at the base of each hole and then covered. Each pot was labeled with a plastic
stake and the corresponding treatment.
An online random number generator (12) was used to generate a random arrangement
of the plants on the table in the greenhouse. Two sections were created (A and B) to represent
the replicates in each treatment, and the six treatments were placed randomly within the
sections. The pots stayed in that location for the remainder of the study and watering of the
plants took place once daily.
Thinning and Measuring
Seven days after planting, the pots were thinned down to two healthy plants. Thinning
allowed for more room in the pot for the remaining plants to grow without obstruction. The
number of plants germinated was recorded before removing all but two of the plants. This was
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done by pulling out as much of the whole seedling as possible. Leaving the meristem or whole
part of the plant could result in it resprouting. These plants were discarded. The two remaining
seedlings were measured with a ruler in millimeters and recorded. Measurements of the plants
were taken once weekly from here until the 21 day mark when the plants were measured twice
weekly until harvesting. At this time the plants were also large enough and needed to be
watered twice daily, morning and evening. Observations and photos of the plants were taken
often.
Harvesting
Measuring and watering took place as previously stated until the control plants (100%
urea) reached a height exceeding 1000mm (1m). At this point, around 35 days, the plants would
be too big to continue healthily in the 1 gallon size pot and needed to be harvested. Data had
been collected and trends with increasing triuret usage was obvious. The harvesting process
began by taking one last height measurement of the plants and then pulling them out of the pot,
which brought with it the soil. The plants were then cut at the base, close to the surface of the
soil and set aside.
The root system of each plant was separated as best as possible and rhizosphere
samples were taken for each. A section of root(s) was cut and placed in a 50mL conical tube,
labeled and sealed. A bulk soil sample was also collected from the remaining material that did
not contain roots. This was placed in a 15mL conical tube, labeled and sealed. The remaining
soil and root system was dumped in a bin for composting. The plants from each pot were set
aside with a label. This process was repeated for each pot.
After all of the plants were harvested they were placed in labeled paper bags and put in
a 60°C oven for 48 - 72 hours. After having dried for an extended period of time, the plants were
weighed for biomass and put back into the paper bag.
Grinding
Immediately after the plants had been dried and weighed they were ground into powder.
The two plants from each treatment replicate were placed into an industrial grinder and
collected in a coin envelope. The envelope was labeled and set aside. The grinder was cleaned
of any plant material from the remaining replicate and the process was repeated for the next two
plants. Grinding of the plants allowed for a fine powder that could later be used for total nitrogen
analysis.
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Results
High-Performance Liquid Chromatography
An HPLC experiment was run with four different samples to get a better understanding of
the presence of triuret and its degradation products in soils. The no nitrogen sample was used
as a control to set a baseline of what appears in the soil lacking nitrogen sources. The 100%
urea samples were used to observe any effect urea had on the chromatogram, which turned out
to be negligible. Since urea is such a small compound it is highly unlikely that it will absorb light
as strongly at 200nm as biuret and triuret. Additionally, since this is a small compound that is
not very hydrophobic, it will come out of the column in the mobile phase much quicker than
biuret or triuret. With those factors: lack of light absorption and low hydrophobicity, urea is not
expected to be seen on this graph. The other two samples, 50% triuret and 100% triuret were
used to observe whether or not triuret could be detected by HPLC as well as to test the
hypothesis that triuret was being degraded to biuret by soil microbes.
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Based on the peaks observed on the graph (Figure 15), the hypothesis that triuret was
breaking down into biuret was supported. Since triuret has a longer carbon chain to make it
more hydrophobic, it would come out of the column later. Compounds that have greater
hydrophobicity will stick to the nonpolar C18 column longer than hydrophilic or less hydrophobic
compounds. While biuret, being slightly smaller with a shorter chain, would have a shorter
retention time in the column. Biuret is shown as a slight peak at 3.3 minutes. It is hypothesized
that the presence of biuret is also what increases the intensity of the base peak between 2 and
3 minutes. The base peak can be clearly seen with the no nitrogen and urea control samples.
The intensity of this base peak increases in the other two samples containing triuret, due to
other compounds coming out at a similar time (i.e, biuret). Then, at 5.3 minutes we see peaks
representing triuret. In the 50% triuret sample, this peak is much smaller due to a lower
concentration of triuret that was originally in the soil. In the 100% triuret sample however, the
triuret sample is very visible, indicating that there is a higher amount of this compound
remaining in the soil at this stage of plant growth.
These results suggest that triuret would continue to be degraded into biuret and with
such a high concentration of a toxic compound, plants have no way to survive. Even with the
50% triuret sample we see a similar intensity in the peak representing biuret, indicating that this
compound accumulates in the soil and takes a negative toll on plant health. These samples
were taken at the end of the growth experiment, 34 days after planting. By this time the plants at
the concentrations of 50% and 100% triuret were not going to survive and they surely would not
have yielded any product. Based on the physical observation until this stage of growth, anything
over 25% triuret breaking down into biuret takes a large enough toll on the plant to cause
significant growth deficit (Figure 12).
Confirming the source of toxicity
Through autoclaving the soil, it was sterilized of bacteria that likely possessed the ability
to break down triuret, biuret and urea. This process allowed for the observation of toxicity
directly related to the nitrogen compound provided to the maize plant, and reduced the effects of
toxicity due to degradation of the nitrogen compound. Six treatments were created in order to
test three different nitrogen sources: urea, biuret and triuret; a no nitrogen control; a
non-autoclave treatment with urea; and a non-autoclave treatment with large crystal triuret. The
large particle triuret was used to test the hypothesis that a larger crystal of the nitrogen source
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would reduce the rate at which the compound breaks down in the soil, similar to autoclaving the
soil and removing the ability for triuret to be broken down right away.

The results from this experiment show that autoclaving the soil had a drastic effect on
the ability of the plant to grow healthier when treated with triuret, compared to the original
growth experiment. Plants treated with triuret in autoclaved soil were slightly taller (Figure 16)
and heavier (Figure 17) than those treated with no nitrogen, but remained shorter and lighter
than both treatments containing urea (sterile soil and non-sterile soil) (Figure 16). The average
height of plants treated with autoclaved soil and 100% triuret differed only by 2.2cm in height
when compared to the autoclaved urea treatment, which was not a significant (p ≤ 0.01)
difference. The only significant difference in average plant height was the 100% biuret
treatment. Biuret was also used in an autoclave treatment to test the effect of this compound
alone on maize. The plants treated with biuret grew very little and died. Any seeds that
germinated never surpassed 1cm in height. Out of 8 seeds in a pot, only 2 germinated and
broke through the soil. However, not long after breaking through the surface of the soil the
plants turned brown and died. These observations alone confirmed that biuret itself is toxic to
corn and should not be used as a nitrogen source.
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Aside from the biuret treated plants, the lowest height average was from the plants
treated with the large crystal triuret in non-sterile soil with a height of 93.1cm. These plants did
not differ in height significantly, but they did significantly differ in mass (Figure 17). Toxic effects
began to show towards the end of the 35 day growth experiment. This included yellowing of
leaves, a thin stalk and discoloration. The large crystals of triuret aided in slowing the
degradation process and allowed the plant to mature better than the previous experiment using
a fine powder of triuret, but the larger crystals were likely not enough to slow the biodegradation
of the compound enough to prevent the eventual build up of biuret.
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Discussion and Conclusion
Results from these experiments
showed that degradation of
triuret generates biuret as a
by-product, and overall, plants in
the autoclaved soil treated with
triuret did much better than the
previous experiment with
non-sterile soil. The HPLC
confirmed biuret was present in
soils that only triuret had been
placed in, strongly suggesting that biuret is a by-product of triuret degradation. This experiment
confirmed previous observations that treatment with biuret alone is very toxic to plants (Figures
16 and 17). A limitation to the HPLC analysis in this experiment was the lack of separation
between the base peak and the suspected biuret peak (Figure 15). In future experiments,
methods to improve the separation of the base peak and biuret peak should be explored.
Running control samples with known concentrations of urea, biuret, and triuret would strengthen
the conclusion that biuret is a product of triuret degradation. Using a different column or an
internal standard may also improve the results of this experiment.
Very few of the plants were able to germinate and those that did, did not survive long. At
the end of the experiment, the maturing plants in the 100% triuret treatment were beginning to
show signs of toxicity, potentially due to the bacteria repopulating and breaking down triuret to
produce biuret. The toxic effects that began to show included yellowing, thinning and slight
curling of leaves (Figure 18), similar to the effects seen in the first growth experiment of this
study (Figure 10 and Figure 11) and in other studies showing the effects of biuret on plant
health (7, 8). Regardless of these effects, the 100% triuret treatment in autoclaved soil did not
differ significantly, in height or mass, from the 100% urea treatment in autoclaved soil. This
indicates that the plants were able to grow in autoclaved soil with triuret as the nitrogen source
just as successfully as the plants treated with urea in autoclaved soil. It is well known that urea
is an effective nitrogen source for fertilizer and there are bacteria naturally present in the soil to
break it down (2, 21), but there has been only one study done on the presence of triuret
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hydrolase in soil bacteria (16). Sterilizing the soil and removing the bacteria created a better
understanding of whether triuret itself was toxic to plants, or sterilizing the soil allowed the plants
to remain healthier for a longer period of time.
In the non-sterile soil, the
heights of the plants
differed very little, but the
biomass of the large crystal
triuret treated plants was
significantly (p < 0.01)
lighter than those of the
autoclaved urea treated
plants (Figure 17). The
large crystal triuret (2mm
chunks) was used in normal
soil to test whether a
difference in the size of the
applied nitrogen source also made a difference in the degradation rate. It was hypothesized that
a larger compound would take longer to degrade than the fine powder, limiting the amount of
biuret that enters the soil and preventing immediate toxicity. The results of this experiment
strongly suggest that without the microbes present, the plants have the ability to grow healthily
(taller and heavier) until the bacteria population is able to repopulate naturally. With the
exception of the biuret treatment, the plants showed very little health defects until about 30
days. Although more research needs to be done, these preliminary experiments also suggest a
larger molecule could also assist in the reduction of metabolic disruption in the plant.
The results obtained from the autoclave soil experiment and HPLC analyses, support the
hypothesis that there is a conversion of triuret to biuret, which is responsible for the toxic effects
observed in plants (Figure 18). Although the plants in the autoclaved treatment grew better
than in the original growth experiment described in Chapter 2, a future experiment should be
done to verify these results. Furthermore, additional control treatments and additional replicates
of all treatments should be included to strengthen the experimental design and data analysis.
Additional control treatments should include: plants grown in non-sterile soil with 100% triuret to
compare simultaneously to the plants growing in autoclaved soil with 100% triuret; varying
concentrations of triuret in autoclaved soil; and more replicates of each treatment should be
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done to strengthen data analysis and reproducibility. Adding these controls and additional
treatments would allow for the real time and simultaneous comparison between plants growing
in autoclaved soil with 100% triuret and plants growing in non-sterile soil with 100% triuret,
which is a current limitation of this study. This data can be used for statistical testing and
analyze growth differences on a statistical level, strengthening the conclusion.
Running a longer experiment for the full life cycle of the plant should also be done to
generate more data on when toxic effects begin to take place and how they affect the plant.
Assuming bacteria will repopulate the plant naturally, it would be interesting to know how this
process influences plant health and whether or not biuret affects the plant after it has gone
through the first stages of its life cycle. This experiment was ended around the V8 growth stage
of the plant, which is between 30-40 days (Figure 2). The end of a maize plant's productive life
cycle is between 112-119 days after emergence, composed of 15 growth stages and six
reproductive stages (23). A future experiment should be completed at least through the 15
stages of growth, with soil samples taken to analyze the reemergence of bacteria at least every
15 days. Doing this would allow for a full observation of the plant’s growth cycle while also
monitoring how the reemergence of the bacterial population affects the health of the plant
through each growth stage.
These preliminary experiments strongly suggested that triuret alone is not harmful to
plant health, and rather the accumulation of biuret as a byproduct of triuret degradation by
naturally occurring soil bacteria is what causes the toxic effects on plants. This experiment
produces data that is strongly indicative of biuret toxicity, but should be expanded using
additional controls and replicates.
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Chapter 4: Bacterial Enrichments:
Isolation of Microbes that can use
Triuret as a Sole Nitrogen Source for
Growth
Introduction
Research on bacterial isolates with the ability to grow on triuret as a sole nitrogen source
is limited. To date there has been only one strain found with the ability to successfully degrade
triuret completely to ammonia and carbon dioxide. Herbaspirillum seropedicae BH-1 h
 as the
ability to grow on triuret as a sole nitrogen source and was isolated from agricultural soil. This
bacterium was whole-genome sequenced to reveal an enzyme now known as triuret hydrolase,
or TrtA. As previously mentioned, triuret hydrolase is structurally very similar to biuret hydrolase
and the two enzymes are often both present in bacteria. Triuret hydrolase increases the rate of
triuret metabolism and also reduces the selection pressure to go through alternative metabolic
pathways (16). It is, however, very rare in recorded genomes (<1%). Related triuret metabolic
genes have come from many plant associated bacteria such as Rhizobium, Bradyrhizobium,
and Agrobacterium, as well as endophytes and actinorhizal bacteria (16).
In contrast to triuret hydrolase, the enzyme urease is present in 17-30% of soil bacteria
(21). It is synthesized by many organisms, including bacteria, plants, algae, fungi, invertebrates
and can also be found in soil as a soil enzyme. Urease allows organisms to break down urea,
into ammonia and carbon dioxide (21). Without urease, the levels of urea placed into the soil for
plants could be highly toxic and cause damage (22).
Ammonia is an essential nitrogen source for both plants and animals in agriculture, and it
is also important for microbial metabolism. Continuing to use urea as the main fertilizer will
continue to increase ammonia volatilization resulting in freshwater highly concentrated with
nitrogen washing into the Gulf of Mexico. This phenomenon will lead to eutrophication and
potentially the development of dead zones in areas such as the Gulf of Mexico (see page 6) (14,
15).
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Triuret offers an alternative to nitrogen sources in fertilizer and could aid in the reduction
of ammonia volatilization and nitrogen runoff. Since this compound is larger than urea (Figure
6), it takes longer to degrade and is hypothesized to release ammonia at a slower rate
compared to urea. This would then allow farmers to place less of the compound on the field,
prevent them from having to reapply at different times of the year and thereby reduce the
amount of nitrogen lost to leaching or volatilization. The end benefit could reduce fertilizer cost
for farmers, as well as reduce the harmful effects excess nitrogen has on the environment.
Given that the main goal of this research is to investigate triuret as a slow release
fertilizer, isolating bacteria that can grow on triuret is essential. Studying these organisms
provides the opportunity to learn more about the metabolism and enzymes involved in the
degradation of this compound. The triuret hydrolase from Herbaspirillum seropedicae BH-1 i s
the only TrtA that has been successfully isolated and studied, which highlights the importance of
continuing to search for homologous enzyme activities. Bacterial enrichment cultures allow for
the isolation and purification of bacterial strains from their natural environments. This technique
enables assessment of the soil microbe populations that have the ability to use triuret as a sole
nitrogen source for growth. Once these types of microbial species have been identified, genetic
and biochemical analyses are used to characterize triuret degrading enzymes.
Since research on triuret degrading microbes is limited, no procedures or methodologies
to address bioremediation have been reported. Therefore, the goal of the experiments
described in this chapter was to develop methodology for the isolation of truiret-degrading
microbes from soils and other environmental sources. The first step consisted of creating
bacterial soil enrichment cultures in media containing triuret. The goal of enrichments is to
isolate strains of bacteria that can utilize triuret by using liquid medium with this compound as a
sole nitrogen source. After starting the enrichment cultures, a petri dish assay was created to
easily screen bacterial isolates for their ability to breakdown triuret. The low solubility of triuret
allows visualizing degradation by the appearance of clearing zones on microbial medium
supplemented with different concentrations of this compound. The triuret clearing plate assay is
useful to isolate bacteria with the ability to grow on triuret as a sole nitrogen source. The strains
showing clearing zones on the triuret plates are then plated on rich medium to isolate pure
cultures.
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Methods
Collecting soil samples
Soil samples for this experiment were taken directly from pots containing the corn plants
treated with triuret during the growth experiments described in chapter 1. The samples were
taken from the top inch of soil and placed into a microfuge tube. Each sample was
approximately 0.5 grams (including weight due to water present). Six samples were taken in
total from the following pots (Table 4):

Microbial Media for Enrichments Cultures
Acetate citrate medium was used to grow and isolate bacteria by enrichment cultures.
Components of the medium include a phosphate buffer/carbon source base, vitamin solution,
salt/metal solution, triuret as the nitrogen source, and deionized water (Table 5). In order to aid
in the solubilization of triuret, ethanol was used to prepare triuret solutions. 2.19g of triuret was
mixed in 15mLs of ethanol to make a 100x triuret solution. It is important to note that ethanol
should not exceed 1% of the total volume of the growth medium.
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Each of the above solutions (Table 5) were used to make a 150mL media mixture, which was
then aliquoted to 6 separate flasks of equal volume. Soil samples were then placed into the
appropriate erlenmeyer flasks and placed in the 37℃ shaker for 72 hours.
Triuret Clearing Plates

36

Triuret clearing plates were made as follows: two flasks containing three grams of noble
agar mixed with 75 mLs of DI water were sterilized by autoclaving using a 20 minute liquid
cycle. After sterilization, each flask was placed in a 50℃ water bath to cool slowly. In the
meantime, 12 plastic petri plates were placed in a 50℃ oven to warm. In flask three, the 50x
vitamin solution, 50x salts/metals solution, and 2x base media were added. Half of flask three
(75mLs) was poured into flask 1 and then poured into the 12 warmed plates, being sure to only
fill the plate enough to cover the bottom. The remaining 75 mLs of media in flask three was
placed on a hot plate and slowly brought to a boil. Powdered triuret (0.4 grams) was added.
Once the triuret was partially dissolved in solution, 1.5mL of phenol red was added to flask
three, mixed, and then combined with flask two. This final combination was then poured onto
the partially filled plates to complete the required volume for agar plates. Phenol red was added
to the media to act as a pH indicator. Phenol red is an indicator that is stable until it reaches a
pH of 8.2, at that point the indicator will turn from yellow to bright pink.
Note: Boiling the remaining media in flask three was meant to aid in the solubilization of
triuret, however triuret may not completely solubilize in boiled solution. This step is to aid in
breaking the material into smaller and finer pieces, but it is highly probable that triuret will
recrystallize once agar plates cool.
LB agar plates were made using 25g of LB powder and 17g of agar in 1L of filtered DI
water and autoclaved on the liquid 20 cycle. Once sterilization was complete, the flask was
placed into a water bath to cool and then poured onto plastic petri plates.
Dilutions and Plating
After 72 hours of incubation at 37℃, 20% of the inoculated sample volume was
transferred into fresh medium. The newly diluted samples were incubated at the same
temperature for another 48-72 hours. This dilution process was repeated with 15%, 8%, and 4%
of the original enrichment volume (Figure 20).

37

After the fourth dilution, 50uL of sample was taken out of the flasks and streaked on
triuret clearing plates and incubated at 37℃ for 48-72 hours. When enough colonies were
developed on the clearing plates, any dissimilar colonies were separated and placed on LB agar
plates. These plates were placed in the 30℃ incubator until bacterial growth was observed.
Distinctive colonies were identified again, separated, and inoculated on new LB plates. This
process continued until strains growing appeared as “pure cultures.”
Freezer stocks of enrichment strains
After bacterial strains were visually identified as pure cultures, frozen stocks were
created for long term preservation. To do this, bacterial colonies were grown in LB medium for
48 hours at 30℃. Aliquots of 1 ml were stored with 10% DMSO at -80℃.
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Results and Discussion
Soil bacteria can grow on triuret
Once soil samples were collected and placed into liquid media containing triuret as the
sole nitrogen source, the cultures were monitored for signs of bacterial growth. Such signs
included cloudiness of the medium, slimy residues on the side of the flask, and reduction in the
amount of visible triuret (Figure 21). After 48-72 hours, dilutions were made into new media and
the process continued for a total of 4 dilutions before plating. During the last dilution, the amount
of soil remaining in the flask was minimal and the liquid was cloudy, indicating bacterial growth
was much higher when compared to the beginning of the enrichment process.

After the transfers in liquid media, bacteria were placed on triuret clearing plates as
another way of ensuring the strains can grow on triuret as a sole nitrogen source. Phenol red
was used as a pH indicator in the agar to indicate the usage and breakdown of triuret by
bacteria. Before bacteria begin to grow and use the available nitrogen source, the plates are a
tan/yellow color, indicating a neutral pH. As the pH begins to become more basic the phenol red
will transition from yellow to bright pink. Once the pH surpases 8.2, the color will become a
bright pink, or fuschia color (26).
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Almost all plates produced a deep pink color as bacteria started to grow. The pink color
spread throughout the plate and got much darker the longer the plate was incubated, indicating
a pH change due to actions of the bacteria (Figure 22). It is highly likely that the pH change was
caused by the breakdown of triuret into ammonia, since ammonia is a basic compound, but this
indicator could not confirm this reaction to
the exclusion of all other possibilities. Other
causes of a pH change on this media could
include the breakdown of trace amounts of
nitrogen in the noble agar used, or natural
oxidation reactions that could increase the
pH. These alternative reactions are unlikely,
but they cannot be excluded.
Once strains grew on the triuret
clearing plates, bacteria was replated on LB
plates to separate and purify strains.
Bacteria strains were observed in most
plates LB inoculated with enrichment culture
dilutions (Figure 23). Several isolates were
selected for further study based on their
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growth patterns and phenotypes (Table 7). At the end of the experiment, a total of 9 strains had
appeared to be “pure cultures” and were frozen for future analyses.

Triuret Clearing Plates
Triuret clearing plates posed to be a troublesome task during this experiment. Triuret is a
highly insoluble compound, which makes it difficult to use it for clearing plates. In the original
attempt to make plates, triuret was combined with the base media and agar and poured in the
plates all together. This left the plates with large pieces of triuret sinking to the bottom of the
plate before cooling, resulting in triuret unevenly distributed throughout the agar (Figure 24). In
order to prevent this from happening, multiple steps were taken to further solubilize the triuret
and prevent particles from sinking to the bottom.
Several rounds of troubleshooting and testing different preparation conditions revealed
the best way to make triuret plates was to pour half of the total base media-agar (50:50) mixture
into the plate to cover half of the designated area and then adding the triuret to the remaining

41

medium contained in a separate
flask. The first layer of agar in the
pre-warmed plates prevented the
triuret that was later placed on the
top layer from sinking to the
bottom. Triuret accumulation at
the bottom of the plate is a
problem because it is on the
opposite side of where the
bacteria grow, and also because it
is not evenly distributed, making it
difficult to observe any clearing
(Figure 24).
The second major modification to
this procedure was boiling the
remaining base medium- agar
mixture, before adding the triuret
and phenol red. Phenol red did
not require boiling, but was added in this step as a pH indicator for the top layer of the plate,
where bacteria would grow. Adding the triuret to the boiling media aided in breaking it into
smaller particles, as well as solubilizing some of the powder. The hope was that some of the
dissolved triuret would reform into crystals once the plates cooled, creating a uniform
distribution of the triuret, as well as creating uniformly sized crystals. This process ended up
being highly favorable to the original attempt because boiling in the base media allowed some of
the triuret to be broken into finer particles as well as being suspended in the agar. These
modifications were used to create more clearing plates in which to grow bacteria and observe
whether pure culture strains had the ability to clear the in-agar triuret.
Making modifications to the clearing plate methodology was important to improving the
technique used to identify potential triuret-degrading bacteria. Without proper distribution of
triuret, the bacteria may not have sufficient access to the nitrogen source provided on the plate,
which affects their growth, and affects what we observe to be an accurate representation of how
well bacterial strains can grow on this compound. Using phenol red showed to be highly
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advantageous, as some bacteria will use the nitrogen source without showing significant
clearing zones on the plate.
A total of 9 strains were isolated in this study, further research should be done to
characterize these bacteria and analyze their biodegradation capabilities. These studies could
include 16SrRNA analysis in combination with bioinformatic investigation to determine whether
the strains collected express a triuret hydrolase in their genome, or show the presence of a
homologous enzyme.
Other improvements and expansions to the experiments presented in this chapter
should include: 1) using a smaller particle of triuret for a finer distribution through the agar plate,
2) continuing to observe clearing plates well after bacteria have developed to witness any
clearing that may occur in the late stages of growth, and 3) using an enrichment flask with triuret
and no soil sample. Using an enrichment flask with triuret and no soil would act as a control to
observe the effects of how triuret breaks down in an environment without bacteria. Ensuring that
the disappearance of triuret is due to the growth of bacteria, and not the gyration of the flasks
during incubation will strengthen the argument that triuret disappearance from the media is due
to bacteria breaking it down.
Further investigation into a more comprehensive approach to do soil enrichments is also
highly recommended. This includes taking a higher number of samples, both at different times
of plant growth and the collection of multiple samples from each pot, as well as collecting
samples from fields that have been recently planted. Expanding collection techniques could
increase the number of strains found, potentially leading to the discovery of more triuret
degrading bacteria and a better understanding of the occurrence of these microbes. Genome
mining and bioinformatic analysis would also be of advantage once strains have been purified
through the enrichment process. If collected strains are able to grow on triuret as a sole nitrogen
source both in liquid media, as well as in solid agar, 16SrRNA should be done and an in depth
study as to which strains contain a triuret hydrolase or homologous enzymes. Understanding
how bacteria use triuret as a nitrogen source and what enzymes they possess will continue to
advance research in the realm of alternative nitrogen sources.
This was a preliminary investigation into triuret degrading microbes, but much more can
and should be done to expand the research on this topic. The lack of research on this topic is
inhibitory to the progress being made on finding an alternative nitrogen source. Continuing
research on strains present in soil and their affiliation with plants, and what enzymes they
possess could increase the rate at which we find better nitrogen alternatives.
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Summary and Future Directions
The main findings of this study include:
1. Triuret has a significant effect on the health (height and weight) of corn plants.
2. Biuret is the cause of the toxic effects on plants, not triuret alone.
3. There are naturally occurring bacterial strains that are able to grow on triuret as a
sole nitrogen source.
Growth experiment one (Chapter 2) showed that fertilizer containing over 25% triuret will
prevent the plant from reaching maturity. Defects in plant health included stunted growth,
discoloration, and curled leaves. After this experiment, it was suspected that toxicity was not
due to the presence of triuret itself, but rather the presence of biuret as a product of the
breakdown of triuret. Growth experiment two and HPLC analysis (Chapter 3) confirmed that
biuret was in fact present in the soil and triuret alone without the presence of bacteria in the soil
was not toxic to plants. The autoclaved growth experiment allowed for the observation of plant
growth with triuret as a nitrogen source, without bacteria present in the soil to break down
triuret. The plants treated with triuret in autoclaved soil grew much better than the plants grown
with triuret in growth experiment one. An HPLC was run to observe triuret and biuret, and
confirmed the presence of biuret in the soil. Due to the presence of biuret in the soil, the
microbes present must possess the ability to break down triuret. The last experiment (Chapter
4) consisted of a series of enrichment cultures to collect and purify strains of bacteria that could
grow on triuret as a sole nitrogen source. In total, nine strains were found and separated after
growing on triuret in liquid media and on agar plates.
Overall this series of experiments contribute to the current scientific knowledge about
triuret, how it affects the health of plants and the ability of bacteria to use this compound as a
sole nitrogen source. In many ways this research answered a series of questions about triuret,
but it also created new questions that should be answered with further research. There is still
much progress that needs to be made in order to make triuret a viable option for use as slow
release fertilizer.
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Alternative methods for the use of triuret could include combining the compound in
fertilizers with a series of enzymes, including but not limited to, triuret hydrolase and biuret
hydrolase. In theory, the application of triuret in conjunction with the enzymes required for a
complete degradation to ammonia would prevent the toxic build up of biuret in the soil, and
ensure the release of ammonia to be used by plants. Getting to this phase however, would
require extensive research in other areas.
To expand this project, future direction could include performing more experiments,
specifically plant growth experiments. Another autoclaved soil growth experiment should be
done with additional controls to compare the results of normal soil with triuret and autoclaved
soil with triuret simultaneously. Additional treatments may also be beneficial in eliminating
experimental error and to improve reproducibility. Furthermore, continuing growth experiments
for longer than 34 days, and possibly even to plant maturity would give a better reflection as to if
and when the lower concentrations of triuret could affect the development of the crop. Down the
line, field applications may only be practical with the addition of a bacterial strain or functional
triuret and biuret hydrolase enzymes, but it would be necessary to see how those enzymes
behaved in the soil, at what concentrations they were ideal for completing the breakdown
pathway of triuret, and how much of an added cost it would be to fertilizer production.
Additionally, further research on bacterial enrichments should be done to expand the
knowledge we have on bacterial strains containing triuret hydrolase, or homologous enzymes.
This was the first study using enrichments and triuret so more should be done in an attempt to
purify and run experiments with triuret hydrolase enzymes. Once purified, the kinetics of triuret
hydrolases should be analysed, as well as its stability in different mediums. Only after collecting
such data, will it be possible to consider field applications.
In conclusion, this study was the first of its kind to analyse triuret in different areas of
application and understand the effects it has on maize. It is by no means a complete and
comprehensive conclusion regarding the ability to use triuret as an alternative nitrogen source in
fertilizer, but rather the start of understanding how this alternative may be used as a viable
replacement.

45

Sources
1. Capehart, T. (2019, August 20). Feed grains Sector at a Glance. Retrieved from
https://www.ers.usda.gov/topics/crops/corn-and-other-feedgrains/feedgrains-sector-at-a-glan
ce/.
2. United States Department of Agriculture (2016). N-fertilizer and urea used in the United
States, http://www.ers.usda.gov.data-products/fertilizer-use-and-price.aspx
3. Fertilizer 101: The Big 3 - Nitrogen, Phosphorus and Potassium. (2016, October 31).
Retrieved from
https://www.tfi.org/the-feed/fertilizer-101-big-3-nitrogen-phosphorus-and-potassium.
4. Understanding nitrogen in soils. (2018). Retrieved from
https://extension.umn.edu/nitrogen/understanding-nitrogen-soils#soil-erosion-and-runoff-761
714.
5. Mukerabigwi, J. F., Wang, Q., Ma, X., Liu, M., Lei, S., Wei, H., . . . Cao, Y. (2015). Urea
fertilizer coated with biodegradable polymers and diatomite for slow release and water
retention. Journal of Coatings Technology and Research,12(6), 1085-1094.
doi:10.1007/s11998-015-9703-2
6. Yamamoto, C. F., Pereira, E. I., Mattoso, L. H., & Ribeiro, C. (2016). Slow release fertilizers
based on urea/urea–formaldehyde polymer nanocomposites. Chemical Engineering
Journal,3
 90-397. Retrieved July 23, 2019.
7. Hunter, A. S., & Rosenau, W. A. (1966). The Effects of Urea, Biuret, and Ammonia on
Germination and Early Growth of Corn (Zea mays L.)1. Soil Science Society of America
Journal, 30(1), 77.
8. Mikkelsen, R. L. (1990). Biuret in urea fertilizer. Fertilizer Research,26(1-3), 311-318.
doi:10.1007/bf01048769
9. Cameron, S. M., Durchschein, K., Richman, J. E., Sadowsky, M. J., & Wackett, L. P. (2011).
New Family of Biuret Hydrolases Involved in s-Triazine Ring Metabolism. ACS Catalysis,
1( 9), 1075–1082. doi: 10.1021/cs200295n

10. Robinson, S. L., Badalamenti, J. P., Dodge, A. G., Tassoulas, L. J., & Wackett, L. P. (2018).
Microbial biodegradation of biuret: defining biuret hydrolases within the isochorismatase
superfamily. Environmental Microbiology, 20(6), 2099–2111. doi: 10.1111/1462-2920.14094
11. DeFrances JA, Bell RS, & Odland TE (1947). Killing Weed seeds in the grass seedbed by

46

the use of fertilizers and chemicals. J Amer Soc Agron 39: 530-535
12. Official Random Number Generator. (n.d.). Retrieved from
https://www.mathgoodies.com/calculators/random_no_custom.
13. Kumari, D., Qian, X.-Y., Pan, X., Achal, V., Li, Q., & Gadd, G. M. (2016, January 22).
Microbially-induced Carbonate Precipitation for Immobilization of Toxic Metals. Retrieved
from https://www.sciencedirect.com/science/article/pii/S0065216415300022.
14. Eutrophication in the Gulf of Mexico: How Midwestern farming practices are creating a 'Dead
Zone'. (n.d.). Retrieved from
https://sites.dartmouth.edu/dujs/2012/03/11/eutrophication-in-the-gulf-of-mexico-how-midwe
stern-farming-practices-are-creating-a-dead-zone/.
15. Chislock, M. F., Doster, E., Zitomer, R. A. & Wilson, A. E. (2013) Eutrophication: Causes,
Consequences, and Controls in Aquatic Ecosystems. Nature Education Knowledge 4(4):10
16. Tassoulas, L. J. (2019). Lambros Tassoulas, "Novel discrimination of biuret and triuret
degradation by enzymatic deamination, Regulation and signicance for slow-release nitrogen
fertilizers" (unpublished master's thesis). University of Minnesota, St. Paul, MN.
17. Corn Production. (n.d.). Retrieved from https://www.iowacorn.org/corn-production/.
18. Dunn, B. E., Campbell, G. P., Perez-Perez, G. I., & Blaser, M. J. (1990). Purification and
Characterization of Urease from Heliobacter pylori. The Journal of Biological Chemistry,
265(16), 9464–9469.

19. Mobley, H. L., Island, M. D., & Hausinger, R. P. (1995). Molecular biology of microbial
ureases. Microbiological Reviews, 59( 3), 451–480. doi: 10.1128/mmbr.59.3.451-480.1995
20. Trenkel, M. E. (1997). Improving Fertilizer Use Efficiency Controlled-Release and Stabilized
Fertilizers in Agriculture. Paris: International Fertilizer Industry Association.

21. Lloyd, A.B., Sheaffe, M.J. Urease activity in soils. Plant Soil 39, 71–80 (1973).
https://doi.org/10.1007/BF00018046
22. Nitrogen Leaching. (n.d.). International Plant Nutrition Institute, (3), 1–4. Retrieved from
http://www.ipni.net/publication/nitrogen-en.nsf/0/FDEE48CFF7600CE585257C13004C7BB0/
$FILE/NitrogenNotes-EN-03.pdf
23. Nleya, T., Chungu, C., & Kleinjan, J. (n.d.). Corn Growth and Development. In iGrow Corn:
Best Management Practices (pp. 5–8).
24. Johnston, M., Muench, B., Banks, E., & Barton, H. (2012). Human urine in Lechuguilla Cave:
the microbiological impact and potential for bioremediation. Journal of Cave and Karst
Studies, 74(3), 278–291. doi: 10.4311/2011mb0227
47

25. Ibáñez, F., Wall, L., & Fabra, A. (2016). Starting points in plant-bacteria nitrogen-fixing
symbioses: intercellular invasion of the roots. Journal of Experimental Botany. doi:
10.1093/jxb/erw387
26. Wauters, Georges, & Vaneechoutte, M. (2015). Approaches to the identification of aerobic
Gram-negative bacteria. In J. H. Jorgensen, M. A. Pfaller, K. C. Carroll, G. Funke, M. L.
Landry, S. S. Richter, & D. W. Warnock (Eds.), Manual of clinical microbiology (11th ed., pp.
613–634). Washington, DC, USA: ASM Press.

48

