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Abstract

With the current rate of population growth, it is estimated that global food production will need to
double over the course of the next century to sustain healthy diets on the global scale. Given the limited
amount of arable land that could be used for agriculture, gains in crop production will need to come from
improving current practices rather than from expanding farmlands. The Food and Agriculture Organization
(FAO) estimates that 20-40% of yearly crop losses can be attributed to pests, with the majority of damages
coming from pathogens. Rhizobacteria like Streptomyces griseus can defend plants from pathogens and
even promote plant growth, but it is unknown how this bacterium’s growth and metabolism will respond to
rising global temperatures. We used a combination of high resolution FTICR-MS and LC-MS/MS to assess
changes in bacterial metabolism (including primary and secondary metabolites) as a function of increasing
temperature. Analysis of microbial growth curves and metabolomics data revealed that microbial activity,
metabolite abundance/diversity, and the production of compounds beneficial to plants were greatest at 22
°C, intermediate at 35 °C, with practically no activity at 4 C. These results suggest that as global
temperatures rise, S. griseus may confer fewer benefits to plants. If other rhizobacteria respond in similar
ways, current methods of pest and pathogen control must be improved, or new methods must be developed,
to reduce crop losses to pathogens. Reducing crop losses to pathogens will be paramount to ensure that
global food security is achieved by the end of the century and beyond.
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Chapter 1: Background Information
1.1 Current State of Agriculture and Global Food Security

With the global population expected to increase by two billion people over the next 30 years,
producing enough food to ensure global food security is a challenge that humanity will have to learn to
overcome in the near future (UN, 2019). Food security is defined as the “situation when there is sufficient
food to meet dictary needs for an active, healthy life, and may be considered on the global, national,
community, or household level”. There are many areas in the world where this is already a problem
(Mahmuti et al., 2009). According to the United Nations, one in three people did not have sufficient access
to food in 2020 (Figure 1) (UN, 2021). While these numbers may be in part fueled by the coronavirus
disease 2019 pandemic (COVID-19), it is likely that the proportion of hunger will increase as time
progresses because the majority of the projected population growth will come from developing countries
that are home to many subsistence farmers who may already struggle with household food security
(Mahmuti et al., 2009; UN, 2019).

Figure 1. Global distribution of hunger
in 2012. Degree of hunger by country
was calculated using the equally
weighted proportions of people who are
undernourished, the proportion of
children under 5 who are underweight,
and the mortality rate of children
younger than age 5 (Wheeler & Braun,
2013).

In order to meet the nutritional
demands of an ever-increasing
human population, some studies
project that food production will
soon need to double (Lomba et
al., 2019). Although there is
some time to scale up farming
practices, doubling agricultural
production is not a simple task.
One of the main issues with increasing food production under current practices is that almost 40% of Earth’s
terrestrial surface is already devoted to agriculture (Lomba et al., 2019). Given that less than 100% of
Earth’s terrestrial surface is viable for crop production and the rising population increases the demand for
other land uses like housing, there is limited room to expand farmland under current practices (FAO, 2003).
In 2015, Food and Agriculture Organization published a “road map” that outlines various challenges in the
context of global food security (Figure 2). In addition to the challenges outlined in Figure 2, the FAO
describes other issues such as agriculture derived greenhouse gas emissions exacerbating climate change,
climate change jeopardizing crop production, and observed increases in transboundary disease and pest
outbreaks (FAO, 2019). All of these issues, and more, will need to be addressed to achieve food security
on a global scale.

Pests such as insects and pathogens are responsible for 20-40% of all crop losses, amounting to
roughly $300 billion lost worldwide each year (FAO, 2019). Of this percentage, over 70% of the losses are
directly caused by pathogens (FAO, 2019). There are multiple approaches to reduce crop losses to pests,
but most of these approaches have disadvantages. One approach is to use pesticides and other agrochemicals
to kill pests before they have an opportunity to cause damage (Lugtenberg & Kamilova, 2009). While these
chemicals are effective for killing insects and pathogens, many of these compounds have side effects that
are potentially harmful to the environment, making them unpopular with consumers and governments
(Lugtenberg & Kamilova, 2009). Another approach is to genetically modify plants for resistance to specific
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diseases, but similar to the use of agrochemicals, this method is unpopular with many consumers and
governments (Lugtenberg & Kamilova, 2009). Another downside to crops that are engineered for pathogen
resistance is that they require an extended period to cultivate and may not retain their resistance for a
valuable length of time (Mahmuti et al., 2009). An example of this is the cultivation of a commercial
rapeseed cultivar that was resistant to the fungal pathogen Leptosphaeria maculans. The cultivar took ten
years to develop but only two years to become ineffective (Mahmuti et al., 2009). A similar approach to
genetically modifying crops is selectively breeding for plants that have acquired immunity to one or more
diseases (Lugtenberg & Kamilova, 2009). Because there is no human mediated genetic modification
involved, this method is more accepted among consumers and governments, but similar to genetic
engineering it takes a long time to cultivate and scale (Lugtenberg & Kamilova, 2009). First a crop must
express resistance to a pathogen and then it has to be produced in mass through a series of cross breeding,
both of which are time-consuming processes (Poland & Rutkoski, 2016). Given that agricultural production
must be scaled up relatively quickly, the time that must be invested in these approaches for them to be
effective could prove problematic, at least in the short term.
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Figure 2. FAO roadmap outlining challenges that contribute to food inequality and issues that must be addressed to end global hunger by
2030 (SDG = sustainable development goal) (FAO, 2019).
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1.2 Introduction to Streptomyces griseus

In contrast to the approaches discussed above, the rhizosphere microbiome may hold the key to
reducing crop losses to pathogens. Over 100 years ago, Lorenz Hiltner defined the rhizosphere as “the soil
compartment influenced by plant roots” (Bakker et al., 2013). Since then, research into the rhizosphere
microbiome has flourished and it is now known that the concentration of bacteria in the rhizosphere is 10-
1000 times greater than in bulk soil because plants exude large amounts of organic carbon (Lugtenberg &
Kamilova, 2009; Bakker et al., 20013). There is great diversity among microorganisms in the rhizosphere,
with some providing benefits to the plants, some causing disease, and others that are neutral in regard to
the plant but pathogenic to humans (Mendes et al., 2013).

Microorganisms in the rhizosphere can benefit plants through physical and chemical mechanisms
linked to processes like biofertilization, root growth promotion, response to abiotic stress, and disease
control (Mendes et al., 2013). Microorganisms in the rhizosphere can promote root growth and
biofertilization by aiding in the acquisition of limiting macro nutrients, acquiring trace elements such as
iron through siderophores, and excreting plant growth regulators (auxins) (Mendes et al., 2013).
Rhizobacteria use a variety of methods to defend plants against soil pathogens such as antibiosis (e.g.
antibiotic production), competing for macro nutrients and trace elements, forming parasitic relationships
with pathogens, interfering with virulent quorum sensing, and inducing systemic resistance in the plant
(Mendes et al., 2013).

Chemical mechanisms of plant growth promotion and protection are mainly achieved through the
production of secondary metabolites such as antibiotics, volatile organic compounds, siderophores, auxins,
and enzymes (Mendes et al., 2013). One class of bacteria that are well known for secondary metabolite
production are Actinobacteria, from which two-thirds of naturally occurring antibiotics have been isolated
(Olanrewaju & Babalola, 2019). Within the class Actinobacteria, the genus Streptomyces is responsible for
75% of the isolated antibiotics (Olanrewaju & Babalola, 2019). Streptomyces spp. are found in many types
of soil from polar territories to deserts to marine sediments (Sottorf et al., 2019). Most species within this
genus of rhizobacteria require oxygen to grow, but some are able to grow anaerobically (Olanrewaju &
Babalola, 2019).

Volatile organic compounds (VOCs) can be defined as substances with a molecular weight less
than 300 Daltons (Da) with low polarity and a high vapor pressure, such as alkanes, ketones, acids, and
esters (Danaei et al., 2014). VOCs are adept at preventing the proliferation of fungi because they can prevent
mycelium growth and inhibit spore germination, limiting the spread and reproduction of fungi (Danaei et
al., 2014). There is also evidence that VOCs can affect plant growth and may be involved in microbe-
microbe and microbe-plant interactions (Mendes et al., 2013). This communication is important because
these quorum sensing molecules can cause plants to activate genes that are beneficial for defending against
pathogens and abiotic stressors (Mendes et al., 2013).

Other secondary metabolites produced by Streptomyces that benefit plants are plant growth
regulators and siderophores. An example of a plant growth regulator produced by Streptomyces is indole-
3-acetic acid, an auxin that promotes plant growth by stimulating cell elongation and division (Vurukonda
et al., 2018). Siderophores aid in the transport of iron from soil to plants (BioLibreTexts, 2021).
Siderophores are important to plants because despite the naturally high concentration of iron in most soils,
the majority of it is present in a low solubility form and is therefore not immediately available to plants
(Mendes et al., 2013).

Streptomyces secrete a variety of enzymes that help plants in numerous ways. Chitinase and other
lytic enzymes are capable of defending plants against fungal diseases such as Fusarium oxysporum,
Fusarium solani, Alternaria alternata, and Rhizoctonia solani (Danaei et al., 2014). Other enzymes are able
to promote plant growth by breaking down insoluble organic polymers such as chitin and cellulose into
simple sugars that plants can take up through ATP-binding cassette (ABC) transporters (Vurukonda et al.,
2018).

In addition to producing secondary metabolites, Streptomyces have physical means of protecting
plants against disease and promoting growth. Streptomyces are filamentous bacteria that sporulate and grow
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long filaments called hyphae with multiple nuclei that elongate from the center of the colony by apical
growth (Olanrewaju & Babalola, 2019). Hyphae can promote plant growth by aiding in nutrient acquisition
(Vurukonda et al., 2018). There are multiple mechanisms in which hyphae can prevent pathogens from
infecting a plant. Close to the roots, hyphae are wide-spreading and occupy extensive space surrounding
plant roots, allowing them to outcompete many other microorganisms (Olanrewaju & Babalola, 2019). The
space required by Streptomyces hyphae can be sufficient to prevent pathogens from colonizing plant roots
and it blocks pathogen access to nutrients secreted by the plant (Olanrewaju & Babalola, 2019).
Additionally, hyphae improve nutrient use efficiency by better colonizing nutrient rich substrate, which also
helps Streptomyces outcompete pathogens (Olanrewaju & Babalola, 2019).

In addition to hyphae, the spores produced by Streptomyces play a role in preventing plant diseases
and promoting growth. Sporulation causes a bacterial colony to strongly adhere to rhizosphere soil particles,
allowing for enhanced microbe-plant interactions (Olanrewaju & Babalola, 2019). This strong bond
combined with wide-spreading hyphae means that the bacteria has increased resilience to biotic and abiotic
stressors (Olanrewaju & Babalola, 2019). This resilience is important for plants because it means that even
in times of stress the bacteria can continue to protect the plant and promote growth. These traits allow
Streptomyces to outcompete most other microorganisms during times of stress in the soil environment
(Olanrewaju & Babalola, 2019). Without these traits, pathogens might outcompete Streptomyces in the soil
and cause further stress to the plant.

Within the Streptomyces genus, one species of particular interest is Streptomyces griseus. S. griseus
is a globally ubiquitous and well-characterized rhizobacterium that is best known for producing the antibiotic
streptomycin (Vurukonda et al., 2018). Streptomycin was the first aminoglycoside antibiotic to be
discovered and has been used since its discovery to treat bacterial infections in humans (Waters & Tadji,
2021). It has a similar function in plants, preventing diseases such as bacterial rots, cankers, and blight
(Vurukondaetal.,2018; Lang etal., 2019). Streptomycin has been shown to prevent these types of infections
in pome fruits, stone fruits, citrus fruits, vegetables, potatoes, tobacco, cotton, ornamental plants, and rice
(Vurukonda et al., 2018; Lang et al., 2019).

Streptomycin is an effective antibiotic against many bacterial infections because it inhibits
translation by binding to the 30s ribosomal subunit, altering its shape and preventing it from binding the
50s subunit, therefore preventing the 70s ribosome from forming (Kornder, 2002). This causes the bacterial
cell to generate faulty fatty acids, lipids, and fatty acid derivatives that are essential to forming a functioning
cellular membrane (Kornder, 2002). The faulty cell membrane results in the leaking of potassium ions, amino
acids, nucleotides, oligonucleotides, and proteins until the cell eventually dies (Kornder, 2002).
Streptomycin is only effective against bacteria because eukaryotes have 40s and 60s ribosomal subunits,
not 30s and 50s (Klinge et al., 2012). This means that the antibiotic will not damage the plant the bacteria
are associated with, but it will be ineffective against fungal pathogens. However, this is not necessarily of
concern as S. griseus is part of the Streptomyces genus and has other mechanisms that can prevent fungal
infections.

1.3 How Climate Change Will Affect Plants and Microorganisms

The ability of S. griseus to prevent crop diseases can benefit the global economy and food security.
However, the climate is changing due to anthropogenic disturbances and it is unclear how this bacterium
will respond to these changes (IPCC, 2021). It is also unknown how pathogens will respond to the changing
climate (Chakraborty etal.,2011). Weather influences all stages of host and pathogen life cycles, but because
pathogens vary with regard to mechanisms of pathogenicity and favor different growth conditions, it is
difficult to know on a pathogen- by-pathogen basis how climate change will inhibit or enhance their ability
to cause disease in susceptible hosts (Chakraborty et al., 2011).
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Table 1. Projected global temperature increases under different IPCC (2021) scenarios

Near term, 2021-2040 Mid-term, 2041-2060 Long term, 2081-2100

Scenario | Best estimate | FVery likely | Best estimate | Fery likely | Best estimate | Fery likely

(*C) range (°C) (°C) range (°C) (°C) range (°C)
SSP1-1.9 1.5 1.210 1.7 1.6 1210 2.0 1.4 1.0to 1.8
SSP1-2.6 135 12t01.8 1.7 13to22 1.8 13t024
SSP2-4.5 1.5 1.2t0 1.8 2.0 l1.6to 2.5 27 211t03.5
SSP3-7.0 1.5 12t01.8 21 1.7t 2.6 3.6 28t04.6
SSP5-8.5 1.6 13t019 24 1.9t0 3.0 44 33t0 5.7

It is believed, however, that climate change will favor pathogens more than plants (Newton et al.,
2011). Some aspects of climate change such as increased carbon dioxide concentrations and small
temperature increases (around 2 °C) will likely improve crop yields, but these benefits are limited by the
fact that global temperature is likely to increase by more than just 2 °C (see Table 1 and Figure 3)
(Chakraborty et al., 2011; IPCC, 2021). In certain Intergovernmental Panel on Climate Change (IPCC)
(2021) scenarios, temperature increases may stay in the beneficial range above 55° latitude north, but there
is limited arable land in these regions so gains in crop yields above 55° latitude north will not make up for
the crop losses below this circle of latitude (Newton et al., 2011). However, there is also evidence that
elevated carbon dioxide concentrations will increase plant susceptibility to some diseases due to enhanced
pathogen fertility, further reducing any potential benefits of increased warming (Newton et al., 2011).

Increasing temperatures are likely to favor pathogens the organisms that carry and transfer a disease
(i.e. pathogen vectors), which will in most cases be active earlier in the year because of elevated
temperatures (Newton et al., 2011). Additionally, higher temperatures are expected to shorten the time of
virus acquisition and the virus’s latent period within the host (Newton et al., 2011). This means that plants
will not only be exposed to pathogens carried by vectors for a longer period of time, but the pathogen is
more likely to be active within the host. As a result, the number and severity of crop diseases, with the
possibility for new and emerging diseases, could all arise from climate change (Mahmuti et al., 2009).
Changing precipitation patterns are also going to affect crops. Precipitation patterns are not expected to
change uniformly across the globe; however, climate models predict that dry places will become more arid
and wet regions will receive more precipitation (Trenberth, 2011). The frequency and intensity of droughts
in dry areas is going to increase because rising temperatures stimulate evaporation, leading to drier surface
conditions (Trenberth, 2011). Additionally, the water holding capacity of air rises by about 7% per degree
Celsius increase, making precipitation events in dry areas less likely as the planet gets warmer (Trenberth,
2011). This works the other way in areas that are cooler and more wet. In these regions, the increase in
atmospheric water holding capacity causes precipitation events to become more extreme because there is
more moisture in the air (Trenberth, 2011).

Drought is problematic for plants because they need water for photosynthesis. Crop fields can be
irrigated to make up for a lack of rain, but water is already a limited resource so this could generate a
different problem in the future. Excess rain is unsuitable for many crops (e.g. wheat, corn) because it can
leach nutrients from the soil and the plant itself, slowing their growth and potentially affecting total yield
(Tukey, 1966; Rengel, 2011). Nutrient leaching and waterlogged soil conditions cause plants to deteriorate
at an elevated rate (Newton et al., 2011). Excess precipitation also leads to issues with seed sowing and
harvesting, directly resulting in crop losses and in some cases shortened growing seasons (Newton et al.,
2011). Essentially, weather in the
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future is going to become more variable with more extreme events, both of which will negatively impact
crop yields (Tubiella, 2007).

a) Annual mean temperature change (°C) Figure 3. Global heat map of
at 1 °C global warming
how global temperature

changes will affect

Observed change per 1 °C global warming

Warming at 1 °C affects all continents and
is generally larger over land than over the
oceans in both observations and models.
Across most regions, observed and
simulated patterns are consistent.

temperature differences
around the world wunder
different IPCC (2021)

scenarios.
b) Annual mean temperature change (“C) Across warming levels, land areas warm more than oceans, and the Arctic
relative to 1850-1900 and Antarctica warm more than the tropics. Beyond CrOp IOSSCS
Simulated change at 2 °C global warming Simulated change at 4 °C global warming dlreCtly Caused by
drought and excess
precipitation, these

changing environmental
conditions likely favor
pathogens over plants.

e One of the main reasons
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environmental stressors

than plants are (Newton
et al., 2011). Pathogens are also opportunistic and will take advantage of any weakness in a plant’s defense
systems (Newton et al., 2011). This is foreboding for crops because in addition to the abiotic stressors the
plants are expected to encounter, their associated pathogens are likely to be more virulent than before.

S. griseus will not be able to help plants survive changing environmental conditions directly, but
by aiding in nutrient acquisition and promoting growth they can help plants better tolerate periods of abiotic
stress (Olanrewaju & Babalola, 2019). Given that pathogens are highly adaptable and are likely to become
more active in the future, it is important that S. griseus remains effective under changing conditions to help
keep crop losses to a minimum. However, it is not well understood how S. griseus will respond to potential
future environmental changes. A better understanding of how S. griseus responds to abiotic stressors such
as elevated temperatures could help food growers better understand some of the risks their crops will face
in the future. If S. griseus is unable to respond well to heat stress, farmers can start to strategize how to
compensate for the decrease in beneficial rhizosphere productivity to ensure that additional crop losses are
kept to a minimum. This could also guide scientists in developing and improving other methods of pest and
pathogen control in the event of a decrease in beneficial rhizosphere productivity.

1.4 Metabolomics
1.4.1 Introduction to Metabolomics and Mass Spectrometry

The goal of metabolomics is to characterize an organism’s metabolome qualitatively and
quantitatively, which can be defined as the collection of all metabolites present in a cell that participate in
metabolic reactions and that are required for a cell’s maintenance, growth, and normal function (Verpoorte
et al., 2008; Dunn & Ellis, 2005). S. griseus is well known for producing secondary metabolites and many
of the mechanisms by which the bacterium benefits plants are because of secondary metabolite production.
Therefore, a powerful method to investigate how changing temperatures will affect S. griseus’s ability to
protect plants from biotic and abiotic stresses is through metabolomics. An organism’s metabolome is
diverse and contains compounds with a broad range of physical and chemical properties (Dunn & Ellis,
2005).
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However, little is known about the size of the S. griseus metabolome. However, Escherichia coli, which has
a genome containing about half as many base pairs as S. griseus, is known to produce around 2,600
metabolites (Blattner et al., 1997; Grubbs et al., 2011; Guo et al., 2013). Given this gap in knowledge, it is
therefore important to characterize S. griseus’s metabolome.

Given the wide diversity of metabolites, it is impossible to characterize an entire metabolome using
a single technique (Verpoorte et al., 2008). The two primary methods of analyzing a metabolome are nuclear
magnetic resonance and mass spectrometry, which will be the focus of this section (Dunn & Ellis, 2005).
Mass spectrometry is a technique in analytical chemistry that measures the mass to charge (m/z) ratio of
ions present in a sample (Chace et al., 2005). Mass spectrometry is one of the preferred tools for
metabolomic analysis because it is a high-throughput approach capable of sensitive and selective qualitative
analyses (Dunn & Ellis, 2005).

Mass spectrometers determine the mass of compounds in a sample by forming ions, which can be
detected as they are separated in the instrument according to their m/z ratio (Dunn & Ellis, 2005). Before
the samples can be injected into a mass spectrometer the analytes must be extracted from the sample. Any
given extraction method can only target a certain fraction of the metabolites within a sample, so this must
be tailored to the goals of the experiment (Bahureksa et al., 2021). For example, a water extraction will
remove a fraction of the polar metabolites in a sample, whereas chloroform will remove a fraction of
nonpolar metabolites within a sample. Once the metabolites have been extracted, and cleaned, if necessary,
the samples are ready to be injected into a mass spectrometer. The first step in this process is the production
of gas phase ions through ionization techniques like electrospray ionization (ESI) (Bahureksa et al., 2021).

ESI is a common ionization method because it generally produces intact ions from the analyte
(Bahureksa et al., 2021). Some analytes will still fragment, particularly at high spray voltages, but it is still
considered to be one of the “softest” ionization methods available (Bahureksa et al., 2021). In ESI, the
sample is converted from a liquid to a fine mist as it is passed through a positively or negatively charged
capillary (Bahureksa et al., 2021). In negative mode, ions generally form by deprotonation or by forming
adducts with negatively charged ions such as Cl" (Bahureksa et al., 2021). Inversely, in positive mode, ions
form by protonation or by forming adducts with cations such as Na*, K*, NH4", or metals (Bahureksa et al.,
2021). Between these two ionization modes, a mass spectrometer can detect a wide range of distinct
components within a sample (Bahureksa et al., 2021).

A sample’s solution chemistry can enhance or reduce the efficiency of electrospray ionization.
Hydrophobic solutions generally have greater ESI efficiency than hydrophilic solutions because the affinity
for the surface of droplets, where there is a greater probability of molecules being desolvated and charged,
is greater (Bahureksa et al., 2021). ESI efficiency is also enhanced when the analytes in solution are already
charged, which in the case of basic analytes requires acidic conditions and basic conditions for acidic
analytes (Bahureksa et al., 2021). ESI can be suppressed by the presence of contaminants, additives, salts,
and metals within the solution by creating matrix effects (Bahureksa et al., 2021).

Another factor that contributes to better experimental results is to increase the magnetic field
strength, which will increase the machine’s resolution, dynamic range, and reduce the overlap of separate
peaks (Bahureksa et al., 2021). Increasing the sample acquisition time can also improve resolution, but if
the signals coming from the sample are low this can also result in machine noise being assigned peak values
(Bahureksa et al., 2021). Mass spectrometry can provide high accuracy molecular weight assignments for
positive and negative metabolites across a wide range of molecular weights, making it a powerful tool in
metabolomics, but that does not mean it is without its faults (Verpoorte et al., 2008). The different
sensitivities of molecules and differences between ionization techniques and sample matrices can negatively
impact the reproducibility of mass spectrometry results (Verpoorte et al., 2008). Fortunately, biological
variability is often greater than analytical variability, but these are still issues that have yet to be resolved
(Dunn & Ellis, 2005; Verpoorte et al., 2008).
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1.4.2 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR-MS)

Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) and liquid
chromatography with tandem mass spectrometry (LC-MS/MS) are the two most commonly used
approaches for metabolite characterization. No single method can characterize all the analytes within a
sample, but between FTICR-MS and LC-MS/MS a wide range of compounds can be analyzed (Verpoorte
et al., 2008).

FTICR-MS is a high throughput approach that allows for high mass resolution analysis of analytes
in a sample (Dettmer et al., 2006). Once a sample has been injected into an FTICR-MS and ionized, the
ions enter the ICR cell, which is encased within a superconducting magnet (see Figure 4) (Tfaily, 2011).
The strength of this magnet will vary by machine with typical ranges between 3 and 14.5 tesla, but the system
used for this experiment has a magnetic field strength of 9.4 T (Tfaily, 2011). Once the ions enter the [CR
cell, the magnet causes the ion path to bend in a circular motion (Tfaily, 2011). lons with smaller mass-to-
charge ratios will bend more than ions with larger mass-to-charge ratios, allowing ions with different mass-
to-charge ratios to be separated, detected, and analyzed separately (Tfaily, 2011).

Figure 4. Simplified schematic of a typical
FTICR-MS inner components (Tfaily,
2011).

Benefits of FTICR-MS include short
analysis times, which improve
reproducibility between samples,
and mass resolving power of a
hundred to several hundred Da,
allowing for the precise assignment
of molecular formulae to compounds
(Dettmer et al., 2006). Despite high
resolution and mass accuracy,
FTICR-MS is limited in the range of
compounds it can detect within a sample. FTICR-MS resolves m/z peaks in the 150-1000 range and has
trouble identifying compounds with a mass less than 200 Da (Bahureksa et al., 2021). This can lead to
trouble identifying common biological metabolites such as acetate, pyruvate, amino acids, glucose,
fructose, and succinate (Bahureksa et al., 2021). However, when paired with other mass spectrometry
methods, such as LC-MS/MS, these compounds can be identified (Bahureksa et al., 2021).

Only providing molecular formulae is also a disadvantage of FTICR-MS. The molecular formula is
derived from software-based calculations that select a molecular formula with the lowest error or the least
number of non-oxygen heteroatoms (Bahureksa et al., 2021). However, this method requires highly accurate
mass calibration and can therefore at times result in inaccurate molecular assignments (Bahureksa et al.,
2021). Uncertainty with molecular assignments rises significantly with increasing mass and number of
elements within the compound because the number of potential formulae increases (Bahureksa et al., 2021).
Because the technology is limited to molecular formulae, by itself, FTICR-MS cannot differentiate between
isomers, determine molecular structures, or identify functional groups within a compound (Bahureksa et
al., 2021).

Turbomolecular pumps Superconducting magnet

1.4.3 Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)

LC-MS/MS is similar to FTICR-MS, but prior to ionization metabolites are separated by liquid
chromatography (Figure 5) (Dunn & Ellis, 2005). Separation between metabolites occurs during
chromatography because the metabolites interact with the liquid and mobile phase to different extents,
causing them to move between the point of sample introduction and the detector at different rates (Ardrey,
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2003). The stronger the molecules in the sample adsorb to the stationary phase, the slower they will move
through it (Khan Academy, 2021). The more soluble a molecule is in the mobile phase, the faster those
molecules will move through the stationary phase (Khan Academy, 2021). Separation is beneficial for the
data because it prevents molecules that would compete for charge if they were introduced at the same time
from suppressing the detection of molecules that are ionized less efficiently (Bahureksa et al., 2021).
Separation also reduces the number of ions that are present at a time, allowing for the generation of
fragmentation spectra for individual compounds, which can be used to resolve structural isomers
(Bahureksa et al., 2021). Additional benefits of LC-MS/MS are simplified sample preparation, it requires
lower temperatures than other forms of mass spectrometry, and the samples do not need to be suspended in
a volatile medium (Dunn & Ellis, 2005).

Chromatographic separation is dependent on the stationary and mobile phase of the column in
addition to the chemical characteristics of the sample (Ismail & Nielsen, 2010). As such, it is important that
the column is made from materials that will properly interact with the compounds of interest. In untargeted
metabolomics, the goal is to extract as many of the metabolites within a sample as possible, so more than
one method of chromatographic separation is required (Contrepois et al., 2015).

Samples:
Multiple component
Mixtures

Solvents: mobile phase

Figure 5. Schematic of
LC-MS/MS workflow
(Kailasam, 2021).

Detection

To characterize
non-polar and
moderately  polar
metabolites, the

Mass Spectrometer

'

LC-MS NS .
Interface + a : reverse phase (RP)
S on o Q D method can be used
- (Peterson &
High performance liquid HPLC Chromatogram + .
Chromatography (HPLC) device ~ Column Mass spectrumanalysis Cummlngs, 2005)

A RP stationary
phase is nonpolar
and is primarily made of silica with covalently bound alkyl or aryl functional groups on the surface (Rassi,
2021). This means that nonpolar molecules are going to adsorb to the stationary phase and move through
the column more slowly than polar molecules (see Figure 6A). The mobile phase is more polar than the
stationary phase, with methanol being one of the most common solvents because its polarity is well suited
for RP chromatography, and it ionizes well in mass spectrometers (Rassi, 2021). These solvents can also
be mixed with water, which aids in the retention and separation of moderately polar compounds (Rassi,
2021). A moderately polar mobile phase means that moderately polar molecules that are more soluble will
move through the column faster than nonpolar molecules that are less soluble. However, even with water
additions, RP is not fit for characterizing strongly polar compounds such as amino acids, organic acids,
sulfates, and sugars because they are soluble in the mobile phase and do not interact strongly with the
stationary phase, meaning they move through the column quickly and enter the mass spectrometer in quick
succession. Because RP chromatography targets primarily nonpolar metabolites, to characterize the widest
range of metabolites it is important to use another separation method such as hydrophilic interaction
chromatography (HILIC) that will effectively separate polar metabolites (Contrepois et al., 2015).
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2012). This polar surface
means that polar molecules
will strongly adsorb to the
stationary phase and will
move through the column
slower  than  nonpolar
molecules (Figure 6B). A
HILIC

mobile phase is also polar
and generally consists of an organic acid such as acetonitrile mixed with water, a combination that ionizes
well and is therefore compatible with mass spectrometry (Buszewski & Noga, 2012). A moderately polar
mobile phase means that polar molecules are more soluble than nonpolar molecules and will move through
the column faster. Because HILIC separates polar metabolites, it is a complementary approach to RP and
the two combined greatly expand the coverage of a sample’s metabolic profile (Figure 6C) (Contrepois et
al.,, 2015; Guillarme & Veuthey, 2017). HILIC is additionally capable of separating some charged
substances, a role typically reserved for ion exchange chromatography (Buszewski & Noga, 2012).
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Chapter 2: Assessing the Effect of Temperature on the Growth and Metabolite Production of
Streptomyces griseus

2.1 Introduction

In 2020, one third of the world’s population did not have adequate access to food (UN, 2021).
Given that the global population is expected to increase by two billion over the next 30 years, it is important
that gains in food production are made in the near future (UN, 2019; Mahmuti et al., 2009). However,
increasing agricultural production is not a simple task. Currently a significant amount of the Earth's
terrestrial surface is devoted to agriculture (~ 40%). Thus, any significant future gains in agriculture forced
by the increase in the population number will likely need to come from improving current practices, and
not necessarily from expanding farmland (FAO, 2003). Furthermore, 20 to 40% of all crops produced on
the Earth’s terrestrial surface are lost to pests (e.g., insects and pathogens), per the Food and Agriculture
Organization (2019). Annually, pathogens cause $220 billion in losses while insects result in $70 billion in
losses (FAO, 2019).

There are multiple ways by which crop losses due to disease can be minimized, including the use
of pesticides and other agrochemicals, genetically modifying plants for resistance to specific diseases,
selectively breeding for plants that have acquired immunity to a pathogen, and promoting beneficial
rhizosphere activity (Lugtenberg & Kamilova, 2009). All these options have potential, and are probably
most effective in conjunction with one another, but they all have disadvantages too. Genetically modifying
plants and the use of pesticides are unpopular with consumers and governments, making their use limited
for now (Lugtenberg & Kamilova, 2009). Pesticides are unpopular because they leave behind chemical
residues on crops that are potentially toxic to the environment, and they drive up the cost of production
(Krishna & Qaim, 2008). Genetically modified crops are unpopular primarily due to a lack of education on
the topic (Wunderlich & Gatto, 2015). Studies have shown that people who are more educated on the
science of genetically modified organisms are more accepting of them than people who are less educated
on the topic (Wunderlich & Gatto, 2015). Consumers who are less knowledgeable on the topic often hold
false beliefs about how genetically modified crops are made and what they mean for consumer health, often
leading to negative perceptions such as genetically modified foods being dangerous to eat (Wunderlich &
Gatto, 2015). Genetically modifying and selectively breeding plants generally takes a long time and can
result in only short periods of pathogen resistance, which is problematic considering the speed in which
agriculture must be scaled up (Lugtenberg & Kamilova, 2009). Another source of pathogen control comes
from the soil surrounding plant roots, the rhizosphere. The rhizosphere contains microbes beneficial to plant
growth and protection, but if the activity of beneficial bacteria is reduced because of changing
environmental conditions, crops could become less resilient to diseases (Mendes et al., 2013).

One particular organism of interest that lives in the rhizosphere is Streptomyces griseus. S. griseus
protects plants from pathogens and promotes growth by producing antibiotics, enzymes, siderophores,
volatile organic compounds (VOCs), plant growth regulators, spores, and hyphae (Mendes et al., 2013;
Olanrewaju & Babalola, 2019). S. griseus is present in soils throughout the world and plays an important
role in plant health (Mendes et al., 2013; Sottorf et al., 2019). However, it is unknown how S. griseus’s
metabolism will respond to changing environmental conditions such as global warming. Previous work has
investigated the metabolomics of S. griseus at a single temperature or looked at the effect of elevated
temperature on the streptomycin producing gene, but despite an extensive literature search, we could not
find any studies comparing the metabolomic profile of S. griseus at different temperatures (Shinkawa et al.,
1991; Ohnishi et al., 2003; Sottorf et al., 2019; Youn et al., 2015).

Per the Intergovernmental Panel on Climate Change (IPCC) (2021), global mean surface
temperatures will continue to increase until at least the mid-century, with predictions of a 1.5 °C global
increase in the best case and 4.5 °C in the worst case (Figure 7). Small temperature increases, such as those
around 2 °C, are expected to help crop growth in areas above 55° latitude north, but the benefits would be
limited given the small amount of arable land in this area and the losses that would also be expected below
55° latitude north (Chakraborty et al., 2011; Newton et al., 2011). Rising temperatures are expected to
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dampen crop yields by creating environments that are no longer ideal for crop growth and by increasing
plant susceptibility to pathogens (Newton et al., 2011). It is generally assumed that rising temperatures will
increase the activity of pathogens as a whole, but on a per disease basis, climate change may inhibit, enhance,
or have no effect on a given disease’s pathogenicity (Newton et al., 2011). Since S. griseus is capable of
protecting plants from different diseases, it is important to know how these capabilities may be affected
given the need to reduce crop death given exposure to pathogens that may become more virulent in addition
to the myriad of other side effects of climate change that are unfavorable for crop growth.
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Figure 7. Predicted global warming through the year 2100 based on different IPCC (2021) scenarios. The x-axis represents the year and the
y-axis represents the increase in average global temperature since 1950.

Because S. griseus produces a wide range of metabolites that affect plant growth and resilience, the
question of how temperature affects metabolite production was investigated via metabolomics. The goal of
metabolomics is to characterize an organism’s metabolome qualitatively and quantitatively, which can be
defined as the collection of all metabolites present in a cell that participate in metabolic reactions and that
are required for a cell’s maintenance, growth, and normal function (Verpoorte et al., 2008; Dunn & Ellis,
2005). It is impossible to characterize an organism’s entire metabolome through one method, but to gather
as much relevant metabolomic data as possible this experiment utilized an untargeted approach using a
combination of Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) and liquid
chromatography with tandem mass spectrometry (LC-MS/MS) (Verpoorte et al., 2008). Even though these
two approaches cannot analyze the whole metabolome, together they generate an abundance of data and
characterize a wide range of compounds, making it a relatively unbiased approach (Verpoorte et al., 2008).

Given the gap in research, the objective of this experiment is to determine how S. griseus changes
its metabolism in response to extreme temperatures. The information gained from this study will further
understanding of the potential impacts global warming could have on §. griseus’s role in crop growth and
protection. Previous studies have investigated the effect of elevated temperature on streptomycin production
in S. griseus. Shinkawa et al. (1991) and Deeble et al. (1995) found that when incubated between 34-36 °C,
S. griseus lost resistance to streptomycin and stopped producing the compound. Additionally, Suutari and
Laasko (1992) found that fatty acids with the same precursors as many antibiotics in S. griseus were
produced in the greatest amount in a range between 20-26 °C, suggesting peak antibiotic production in this
temperature range. These are the current extent of studies investigating how S. griseus responds to elevated
temperatures. The majority of studies incubated S. griseus at 28 °C and did not compare results across
different temperatures (Ohnishi et al., 2003; Sottorf et al., 2019; Youn et al., 2015; Laxman & More, 2002)

For this study, it was hypothesized that S. griseus would grow optimally at 22 °C with limited
growth at 4 °C and 35 °C. Bulk metabolite production is expected to be approximately proportional to
growth, with the greatest metabolite production and diversity at 22°C. By analyzing the metabolites
produced by S. griseus under different temperature conditions inferences can be made to predict how
climate change will affect this organism’s metabolism, and in turn how this may affect crops in symbiosis
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with S. griseus. This knowledge will be valuable in preparing for a future in which climatic conditions will
be non-ideal for crop production despite the need for an increase in production.

2.2 Materials and Methods
2.2.1 Inoculation

Both solid and liquid media were prepared using tryptic soy powder from Beckton, Dickinson, and
Company (REF: 211822, LOT: 0070953). Solid media was prepared by adding 15 grams of powder and
7.5 grams of agar crystals from Fisher Scientific (REF: BP1423-500, LOT: 196854) to 500 milliliters (mL)
of deionized water. The mixture was then homogenized by swirling the bottle by hand and then placed into
an autoclave where it was sterilized by the Liq20 setting (i.e. 20 minutes under slow exhaust conditions).
Once the bottle of media was sufficiently cool to handle without hot gloves, roughly 25 mL of tryptic soy
agar was poured into each Petri plate and 10 mL of tryptic soy broth was pipetted into each 20 mL plastic
vial in a biosafety cabinet pre-treated with UV light for 15 minutes. Preparation of liquid media followed
the steps above, using the same powder-to-water ratio, but no agar was added.

Once both types of media had cooled to room temperature, they were ready for inoculation with S.
griseus (Figure 8). Eighteen vials of liquid media were made, fifteen were inoculated by swabbing an
isolated colony from a previously prepared solid plate with an isolated culture of S. griseus then swirling
the inoculating loop in the liquid media. The plate used to provide bacteria for the liquid vials was created
using a pure culture swab of Streptomyces griseus subspecies griseus derived from ATCC 10137 from
Microbiologics (REF: 0859K, LOT: 859-38-4) to inoculate five plates using a three-section streak to isolate
method which were then grown statically at 22 + .2 °C for one week. A different isolated colony was used
for each liquid culture inoculation because the colony was destroyed when swabbed with the loop. Eighteen
plates of solid media were made and fifteen of those were inoculated by pipetting and then spreading 100
uL of a 1073 dilution of a previously prepared liquid media inoculated with one colony of S. griseus that had
been growing statically with daily mixing by hand at 22 + .2 °C for a week. The 10 dilution factor was
previously determined to yield the best results after performing plating tests with serial dilutions ranging
from 10°-107. Solid plates were wrapped in Parafilm from Bemis after inoculation to reduce the risk of post-
inoculation contamination. A visual representation of this procedure is shown in Figure 8.

Three plates and three vials of media were prepared but not inoculated to serve as negative controls.
Preparation of the controls followed the exact procedure as the inoculated cultures except that the
inoculation loop was spread on/through the media after flaming without transferring bacteria. This was
done to ensure that in addition to the media, the method used to transfer bacteria to fresh media was sterile.
One control of liquid media and solid media were incubated in each temperature zone to verify there was
nothing in the environment that would contaminate the plates.
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Figure 8. Overview of liquid and solid media inoculation procedures.

2.2.2 Incubation Set-up

Immediately after the plates and vials were inoculated, they were moved to their respective
incubation zones. This experiment had three temperature treatments: 4 + .2 °C, 22 + .2 °C, and 35 £ 1°C.
Solid and liquid cultures were distributed evenly between the temperature zones, with 5 inoculated samples
and 1 blank of each media type in each temperature zone. Samples were incubated at 4 °C in a multi-lab
walk-in refrigerator, 22 “C samples were stored in a climate-controlled room, and 35 °C samples were kept
within a Boekel Scientific (Bucks County, PA) incubator. Liquid samples were stirred daily to prevent
clumping by gently swirling the vial by hand for 10 seconds. Liquid samples were briefly removed from
their incubation zones each day to extract a small amount of sample for absorbance readings. Solid samples
spent 10 days incubating before they were permanently removed and prepared for FTICR-MS and LC-

MS/MS.
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2.2.3 Growth Curve Data Collection and Analysis

To construct a growth curve for the bacteria in each temperature zone, absorbance measurements
were taken using a BioTek (Winooski, VT) Synergy H1 microplate reader every 24 + 2 hours for 10 days.
Each day, 200 uL of inoculated media were removed from each vial of liquid media using sterile pipette
tips and transferred to one of 18 wells in a clear 96 well plate (Figure 9). The transfer was done in a biosafety
cabinet pre-treated with UV light for 15 minutes. The absorbance of each full well was measured at an
optical density of 600 nm. In an attempt to reduce the effect of machine variability in the data, each plate
was tested three times in immediate succession. A visual representation of this procedure can be seen in
Figure 9.

Take measurements
l every day for 10
days

Created in BioRender.com bio

Figure 9. Visualization of growth curve data collection procedure.

Absorbance data was exported to and processed in Excel. First, the absorbance of each well across
the three runs was averaged to reduce the effect of machine variability. The average absorbance and
standard deviation for each temperature treatment per day, with the exception of the blanks, was then
calculated using the average from each individual well in each temperature treatment each day. The average
absorbance for each temperature for each day was then plotted on a plot of absorbance versus time using R
(Figure 14).

2.2.4 FTICR-MS Data Collection and Analysis

Samples for FTICR-MS and LC-MS/MS were taken from the solid Petri plates in the form of agar
disks (Figure 10). To collect the disks, the heads of sterile 15 mL falcon tubes were pressed into the media
in approximately the same spots for each plate. Disks were taken in similar spots in each plate instead of selecting
for areas with high bacterial density to reduce sampling bias. The tube cut into the agar, forming circular disks
that could be stored in the tube used to cut it out. Two disks were taken from each plate and stored in the
same tube. The disks were then freeze dried at -50 °C for 48 hours in a Labconco (Kansas City, MO) freeze
dryer, which removed all moisture from the disks and made them brittle. After 48 hours the disks were
brittle and removed from the freeze drier. Immediately after removal the disks were beaten into a powder
using BioSpec Products’ (Bartlesville, OK) Mini- beadbeater. Once in powder form, the samples were
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suspended in an 80:20 solution of methanol (80%) and deionized water (20%). The samples were then
centrifuged at 7800 RPM for 10 minutes, separating the supernatant from the pellet. The supernatant was
split evenly between two falcon tubes, with one tube going towards FTICR-MS and the other towards LC-
MS. See Figure 10 for a visual representation of this procedure. The vials were stored at — 80 °C until
they were further processed for FTICR-MS and LC-MS/MS.
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Figure 10. Overview of the bacterial plug collection and preparation procedure.

The samples that were set aside for FTICR-MS were further processed through solid phase extraction
(SPE), a process that concentrates metabolites and removes excess salts, prior to injection into the mass
spectrometer (Figure 11). SPE first involves acidifying the sample to a pH between 2 and 3 which protonates
acidic functional groups, decreases polarity, and improves stationary phase binding (Bahureksa et al., 2021).
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After acidification, the sample is run through a column that contains nonpolar material and acidic functional
groups, which retains metabolites but not salts (Bahureksa et al., 2021). The columns were then air dried and
eluted with methanol, which carries the metabolites through the column into a vial. At this point, the samples
are ready for direct injection into the mass spectrometer. See Figure 11 for a visual representation of this
procedure.
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Figure 11. Visual representation of the steps for solid phase extraction, the procedure done to prepare samples for FTICR-MS

Mass spectra were collected by direct injection into a 9.4 tesla Bruker (Billerica, MA) FTICR mass
spectrometer. Before any samples were injected, the injection line was flushed five times with HPLC grade
methanol to remove any contaminants or metabolites present in the line from previous experiments. To
ensure the line was clean and that the instrument is functioning properly, both a methanol blank and a
Suwannee River Fulvic Acid (SRFA) control were run first. 144 scans were collected for each sample in
negative ion mode with an accumulation time of .02 seconds. Between each sample the line was flushed
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with methanol 3-5 times while the machine was on tuning mode to guarantee there were no remaining peaks
from the previous sample. Once the raw spectra were generated, peaks were first picked then calibrated
using the software Compass DataAnalysis 4.2 from Bruker using the following parameters: signal to noise
ratio > 7, calibration group = ESI, mode = linear, search range = .005, intensity threshold = 1,000,000. Once
calibrated, molecular formulae were assigned to the m/z ratios using the software Formularity (Toli¢ et al.,
2017).

To visualize the data, a report file from Formularity and a custom metadata file were run in
Metabodirect, a hybrid R and Python FTICR-MS data visualization pipeline that was developed in the
Ttaily Lab (Ayala, 2021). This program was used to generate Figures 15-18. In Figure 16, the compound
classes were determined using a Van Krevelen (VK) diagram. In a VK diagram, the O:C and H:C ratio of
every identified molecular formula is plotted on the X and Y-axis, respectively (Tfaily, 2011). Biomolecule
classes have characteristic O:C and H:C ratios, causing them to cluster in specific regions when plotted,
which allows for simple class identification (Tfaily, 2011). In Figure 17, Gibbs free energy (GFE) was
calculated using the nominal oxidation state of carbon (NOSC), which is a measure of the energy required
to oxidize the carbon in every compound and can be calculated from a compound’s molecular formula
(AminiTabrizi et al., 2020). When GFE is negative, reactions are exergonic, meaning they occur
spontaneously and produce energy. When GFE is positive, reactions are endergonic, meaning they required
an input of energy to proceed. Figure 18A visualizes the aromaticity index. Aromaticity index is a measure
of the density of carbon-carbon double bonds in a compound (Koch & Dittmar, 2006). Figure 18B visualizes
double bond equivalence (DBE), which is a measure of the number of H, molecules that would need to be
added to a compound to convert all pi bonds to single bonds and all aromatic compounds to acyclic
structures (UCLA, n.d.). Higher DBE means more H, molecules would need to be added than at lower
DBE.

2.2.5 LC-MS/MS Data Collection and Analysis

Samples for LC-MS/MS were collected and initially prepared in the same manner as those for
FTICR-MS, but after the supernatant was divided, the methods diverged (see first paragraph section 2.2.4
and Figure 10). For LC-MS/MS samples, the supernatant was split evenly between two 2 mL vials and
dried in an Eppendorf (Hamburg, Germany) Vacufuge plus, leaving behind a small pellet. The pellet was
stored in a -80 °C freezer until there was availability on the 9.4 tesla Bruker mass spectrometer for LC-
MS/MS. Two days prior to the time of LC-MS/MS data collection, the samples were removed from the -
80 °C freezer and suspended in 500 pL of the first reconstitution solution, an 80:20 mix of deionized water
(80%) and HPLC grade methanol (20%). After resuspension, the samples were stored at 4 “C overnight.

The following day, half of the sample was removed from each tube and transferred into new tubes.
These new tubes were ready for half of the LC-MS/MS process, reverse phase (RP), but the other half in
the original tubes required further preparation. These tubes, which were to be prepared for hydrophilic
interaction chromatography (HILIC), were completely dried in the Eppendorf Vacufuge plus, as they were
before. Once dry, the pellets were suspended in a 50:50 solution of deionized water and acetonitrile,
finalizing the preparation for HILIC analysis. A quality control tube was prepared for both RP and HILIC
samples by combining 5 uL of each sample into a single test tube. Additionally, blanks were prepared for
RP and HILIC analysis by filling a 2 mL tube with the appropriate reconstitution solution. See Figure 12
for a visual representation of this procedure.
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Figure 12. Sample preparation for LC-MS

Raw LC MS/MS data were processed in Compound Discoverer 3.2 software from Thermo Fisher
Scientific (Waltham, MA). Compound Discoverer output .csv files containing data on compound name,
molecular weight, molecular formula, and peak intensity. The output files were put into Metaboanalyst 5.0,
a free online metabolomics data processing website that uses R to create a variety of figures. Because many
of the compounds annotated by Compound Discoverer were not assigned a compound name, a second set
of .csv files containing only masses with compound names were included. Before figures were made, the
data was normalized in Metaboanalyst by normalizing by sum, log transforming, and centering by mean.
The files containing only features with compound names were used to construct volcano plots (Figures 22A
and 22B), but figures 20 and 21 were made using all available data. The top 50 features from each volcano
plot were searched in PubChem, ChEBI, and the University of Arizona Library database to find a function
associated with the compound. Compounds that were not recognized in any database, were known to exist
but did not have functional information or appeared to be misassigned were used to construct a Van Krevelen
diagram to understand the class of compounds they belong to (Figure 22C). Volcano plots are coordinate
maps of data points defined by the point’s effect size and statistical significance (Goedhart & Luijsterberg,
2020). In Figures 22 A and 22B, the characteristic volcano shape shows which compounds are up and down
regulated at 35 °C relative to at 22 °C.
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2.3 Results
2.3.1 Solid Culture Microbial Growth

The total growth of bacteria on the solid plates after a ten-day incubation period can be seen in
Figure 13. Bacteria incubated at 4 °C did not show any growth, whereas bacteria incubated at 22 °C grew
in distinct colonies on every inoculated plate, and finally the bacteria incubated at 35 °C grew, but
inconsistently. Two of the 35 °C plates grew in an abundant lawn morphology resembling a biofilm,
whereas the other two plates grew in a sparse lawn morphology on the edges of the plates, and finally, one
plate grew two distinct but small colonies.

Figure 13. S. griseus growth on tryptic soy agar after 10 days of incubation at 4 °C, 22 °C, and 35 °C.
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2.3.2 Liquid Culture-Based Microbial Growth Curve

Figure 14 shows the growth curve of S. griseus grown in liquid media at each temperature
constructed from 600 nm absorbance measurements taken daily over a 10-day period shows a similar trend
to the growth patterns in Figure 13. Bacteria grew in the greatest abundance and at the greatest rate at 22 °C.
Bacteria incubated at 35 °C grew in the second greatest abundance, but at a much lower level and at a slower
rate than the bacteria at 22 °C. Bacteria incubated at 4 °C did not show any growth. The increasing error
bars over time can be attributed to variable growth among the samples and issues with clumping in some
samples but not others.

S. griseus Growth Curve

03 04 05
| |

Absorbance (600 nm)

02

0.1

Day

Figure 14. Growth curve of S. griseus at different temperatures based on 600 nm absorbance data taken over a 10-day period

2.3.3 Metabolomics Data as Inferred from FTICR-MS

Principal component analysis (PCA) of data generated by FTICR-MS revealed differences in
compound class, composition, and abundance between the different temperature treatments and control
samples. PC1 and PC2 explained almost 100 % of the variation in organic matter composition between the
different samples. The vector arrows show which compound classes are driving the differences in relation
to each PC, with the intensity of the vector describing how strongly that class drives the difference. Figure
15 shows strong clustering of the 22 °C samples, showing those samples contained compound class profiles
similar to each other but different from the other temperature treatments and controls. Differences at 22 °C
were primarily driven by changes in protein-, condensed hydrocarbon-, carbohydrate-, and lipid- like
compounds. Points relating to samples incubated at 4 °C, 35 °C, and the controls are dispersed and
intermixed, with differences primarily driven by lignin-like or phenolic compounds, unsaturated
hydrocarbons, and lipids.

PCA plots are an initial tool used to look for differences between samples to help guide further
analysis, so conclusions about the samples cannot be directly gleaned from Figure 15. Figure 16 is
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similar in this regard. The bars in Figure 16 represent the relative proportion of different compound classes
present in each sample, with the total adding up to 100%. At 22 °C, we observed a decrease in the abundance
of unsaturated hydrocarbons and an increase in the abundance of proteins, condensed hydrocarbons, and
carbohydrates relative to the controls. At 4 °C and 35 °C there was an increase in lignin-like or phenolic
compounds and a decrease in lipids relative to the 22 °C samples and the controls.

PCA plot by compound classes
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Figure 15: PCA plot showing differences in the compound classes present in each sample at different temperature treatments and
which classes are responsible for the differences
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Figure 16: Differences in relative bulk metabolite class composition between the temperature treatments and controls
Figure 17 represents Gibbs free energy (GFE) violin plots comparing the GFE of the 22 °C samples

relative to the other temperature treatments and the controls. In every comparison, the difference in GFE
relative to 22 °C was statistically significant (PERMANOVA, P < 0.05).
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Figure 17. Violin plots showing the distribution of GFE at (A) controls vs 22 °C, (B) 4 °C vs 22 °C, and (C) 22 °C vs 35 °C

With the exception of 4 °C versus 35 °C, Figure 18 A shows that the difference in aromaticity index
between every pair is statistically significant (p<0.05). Both 4 °C and 35 °C samples showed an increase in
aromaticity relative to the control. Conversely, 22 °C samples showed a decrease in aromaticity relative to
the control.

Figure 18B shows that in pairwise comparisons between the different temperature treatments and
the controls, all differences in DBE were statistically significant (p<0.05). Samples incubated at 4 °C and
35 °C show increased DBE relative to the control. 22 °C samples show decreased DBE relative to the
control.

Along with describing information about the physical properties of the compounds in the samples,
FTICR-MS data was used to determine the functional and abundance-based diversity of metabolites present
at each temperature. Figure 18C shows functional diversity based on metabolite reactivity. Figure 18C
shows that the functional reactivity was greater at 22 °C than at 4 °C, 35 °C, and the control. The 4 °C and
35 °C samples had similar means to each other and decreased reactivity relative to the control. However,
there is much greater variation in functional reactivity at 35 °C. This variance can be understood when
looking at the plates in Figure 13, which show the variation in bacterial growth on plates incubated at 35
°C.

Abundance based diversity of the metabolites in each sample is visualized in Figure 18D. 22 °C
samples had the greatest metabolite diversity abundance, 35 °C samples had the second highest, and 4 °C
samples had a mean metabolite abundance that was less than both temperature treatments and the control.
The cause of the extremely positive interquartile range at 4 °C is unknown.
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Figure 18. (A) Comparison of aromaticity index between each temperature treatment. (B) Comparison of double bond
equivalence between each temperature treatment. (C) Comparison of diversity of reactivity of compounds present at each
temperature treatment. (D) Comparison of abundance-based diversity of compounds present at each temperature treatment.

The abundance-based diversity data from Figure 18D was used in conjunction with the absorbance

data from Figure 14 to generate Figure 19, which is a correlation plot relating cell density to metabolite
diversity. The positive slope of the correlation line indicates that as bacterial abundance increased the
metabolite diversity in the sample also increased. Figure 19 supports the hypothesis that bulk metabolite
production is approximately proportional to bacterial growth.
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Figure 19. Scatter plot showing the positive correlation between bacterial abundance and metabolite diversity.

2.3.4 Metabolomics Data as Inferred from LC-MS/MS

Figure 20 is a dendrogram showing how similar each sample is to the others based on the
metabolites present in each. A dendrogram was created for both RP and HILIC data, but they were identical
so only one is shown. Figure 20 shows that all samples incubated at 22 °C and the two samples incubated
at 35 °C that grew in biofilms were significantly different from the others. The 35 °C sample that grew two
small colonies and one of the plates that grew in a sparse lawn were also different from the 4 °C samples
and controls, but not significantly. One of the 35 °C plates that grew in a sparse lawn on the edge of the
plate and all the 4 °C samples were most similar to the controls, showing there was not much bacterial
activity, if any, in these samples.
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Figure 20. Scatter plot showing the positive correlation between bacterial abundance and metabolite diversity. Clustering result shown as a
dendrogram with mapping to images of solid plates (distance measure using Euclidean and clustering algorithm using ward.D)

Heat maps were then used to identify broad patterns and compare similarities across the samples
(Figure 21). All 22 °C samples and the biofilm forming 35 °C samples (in the right branch) were more
similar to each other than to the other samples and controls. All of the 22 °C samples had nearly identical
patterns relative to each other whereas there were some differences between the 22 °C samples and the two
biofilm-forming 35 °C samples. Within the left-hand branch are the controls, 4 °C samples, and the three
non-biofilm forming 35 °C samples. Two of the 35 °C samples in the left branch shared the majority of
their patterns with the other samples in the left branch, but these two samples resemble the 22 °C samples in
some places. With a few exceptions, the controls, 4 °C samples, and one of the 35 °C samples in the left
branch all shared the same patterns.
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Figure 21. Clustering result shown as heatmap (distance measure using Euclidean, and clustering algorithm using ward.D).
Labels on the x-axis relate to one inoculated plate. See Figure 20 for mapping to images of the plates.

Based on a t-test between 4 °C and the controls, there were no significant differences between
compounds present at 4 °C and those present in the controls. Because there were no significant differences,
investigations into upregulated compounds were only made between samples incubated at 22 °C and 35 °C,
both of which had features different from the media.

The volcano plots in Figure 22 show compounds that were up and downregulated at 35 °C relative
to 22 °C (Log2fold change >1 and p<0.05). The top 50 features identified in each volcano plot were used
to construct Table 2, which lists the name and function for the identified compound. Features that were not
in any database or that have no known function were used to construct a Van Krevelen diagram (Figure
22C). The Van Krevelen diagram suggests that the upregulated unknown compounds were mostly phenol-,
protein-, lipid-, and carbohydrate-like compounds.
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Figure 22. (A) RP volcano plot showing compounds upregulated at 35 °C (red), compounds upregulated at 22 °C (blue), and
compounds that were insignificantly different between the two (gray). (B) Volcano plot made using HILIC data. (C) Van
Krevelen diagram of compounds from the top 50 features in each volcano plot with no known function.

36



Assessing the Effect of Temperature on Streptomyces griseus Growth and Metabolism

Table 2: Summary of compounds that were significantly upregulated at 35 °C vs 22 °C as inferred from the volcano plots in
Figure 22 (gray highlight = upregulated at 22 °C, red highlight = upregulated at 35 °C)

Compound Name Function p-value Separation References
Antibiotic. Inhibits protein
synthesis, a neuroprotective
Cycloheximide agent, an anticoronaviral 6.0x 1078 HILIC PubChem, 2022¢g
agent, and a ferroptosis
inhibitor
L ingine Antioxidant, helps in times 6.7 x 10~7 RP Cumming et al.,
of stress 2018
Streptidine e E il RP ChEBL, 2018e
streptomycin
2345 Involved in monobactam
tetrahydrodipicolinic rsyn:ll:fbsilsﬁMonOtiﬁC:aT; 49 x 1077 RP
acid are antiblotics against gra PubChem, 2022b
negative bacteria
derived from salicylic acid,
amilr\llc-)gigyii-j-aci 4 | Whichis an antifungal agent | 2.2 X 1077 HILIC PubChem, 2022¢
y and plant hormone
Involved in L-
Hercynine Ergothioneine biosynthesis | 6.6 X 107° RP PubChem, 2022m
pathway
Lycopsamine Same as acetyllycopsamine | 5.4 x 107 HILIC PubChem, 20220

Acetyllycopsamine

Type of pyrrolizidine
alkaloid, which are a class
of compounds that are
feeding deterrents and toxic
compounds to generalist
herbivores, including pests

43 x107°

HILIC

PubChem, 2022d

Nuringtyas et al.,
2014
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1D-3-amino-1-
guanidino-1,3-

Involved in streptomycin

-6
dideoxy-scyllo- production X 1l L2 st 2527
inositol
. Involved in peptidoglycan 6
DL-glutamine . . 1.9 x 10 HILIC PubChem, 2022k
synthesis and recycling
D-raffinose Trlsac"i‘tfr‘fgi’: CNEY 1 16x107¢ | HILIC | PubChem,2022r
Threonine Amino acid 7.4 %1073 HILIC PubChem, 2022s
3-Ureidopropionic. | - Intermediate inuracil | g 105 | e | chest 2018
D-Alanyl-D-alanine g:;ﬁ‘(’g;‘;ﬁ 43x1075 | HILIC PubChem, 2022i
Pro-tyr, glu-thr, . . 22 %1075 PubChem,
gamma-glu-gin RS —-1.7x107° HILIC 2022q,1,
Inhibits viral activity by
inhibiting viral DNA pol,
inhibiting viral penetration
Adefovir or uncoating, inhibiting 1.85x 107> RP PubChem, 2022¢

viral protein synthesis, or
blocking late stages of virus
synthesis

DL-citrulline

Used in urea cycle and
byproduct of nitric oxide
production, nitric oxide
helps plants respond to
biotic/abiotic stress

7.8%x107*

HILIC

ChEBI,
2018¢

Simontacchi et al.,
2015
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Component of urea cycle,

Ornithine . 49 x 1074 HILIC PubChem, 2022n
excess nitrogen storage
Involved in beta-carboline
synthesis, which is a class )
Harmine of chemicals with 3.8x107% RP Ku‘kula KOCh e
. . . Widelski, 2017
antiparisitic, antiviral, and
antitumoral properties

Bicine

“Good’s buffer”, may help PubChem. 2022f
stabilize soil pH ’ ’

Because of the morphological differences among the 35 °C plates, an additional comparison was
made between the 35 °C plates without biofilms and the 22 °C plates. Lactic acid was not upregulated at 35
°C without the presence of biofilms, suggesting it came solely from the biofilms. Additionally, indole-3-
acetic acid (auxin) and alanylclavam (antibiotic) were upregulated at 22 °C relative to 35 °C without the
biofilms. This suggests that the biofilms produce these compounds in sufficient amounts to make up for the
lack of production in the samples that did not form biofilms.

2.4 Discussion

Solid and liquid media inoculated with Streptomyces griseus were incubated at three different
temperatures to test the effect of temperature on its growth and metabolism. Using a combination of 600
nm spectrophotometry, FTICR-MS, and LC-MS/MS we found that that 22 °C is the optimal temperature
for S. griseus growth. Bacteria incubated at 35 °C grew inconsistently and at a lower rate than those at 22
°C, in addition to producing fewer beneficial secondary metabolites. Incubation at 4 °C was suboptimal for
S. griseus and slowed the activity of the bacteria significantly.
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2.4.1 Solid and Liquid Culture Growth

Quantitative evidence from the growth curve confirmed the visual evidence from the solid plates that
S. griseus grows in the greatest total amount and at the greatest rate at 22 °C, then 35 °C, and then 4 °C,
where there was no evidence of growth. The bacteria that grew in an abundant lawn morphology
resembled a biofilm, so it is possible that some of the bacteria were able to initiate a biofilm formation
pathway in an attempt to increase resilience to the heat stress (Lopez et al., 2010; Winn et al., 2014;
Vinogradova et al., 2015). Winn et al. (2014) describes biofilm formation in S. griseus as “hyphae
interlocking to create a thick mesh of cells”. It is unclear why only two of the five inoculated plates would
grow in a biofilm, but the lawn morphology became evident after only two days, suggesting that the genes
required for biofilm formation were expressed early on. The 35 °C plates that did not grow in a biofilm may
have failed to initiate this pathway early on and were unable to later because of the intense heat stress. The
35 °C plates that did not grow in a biofilm morphology did not grow in abundance, suggesting that biofilms
are important for S. griseus growth and survival at high temperatures. However, the inconsistency of the
lawn morphology shows that it is not a guaranteed trait at high temperatures, and in most cases S. griseus
struggles to grow at elevated temperatures. Given the relatively small number of samples in this study, a
future study investigating S. griseus biofilm formation at elevated temperatures could utilize more replicates
to get a better understanding of biofilm formation frequency.

Another possibility is that the biofilms that formed at 35 °C were the result of contamination, not
differential gene expression. To guarantee the biofilms were formed by S. griseus and not contamination,
the sample would need to be sequenced or run in a gel and then compared to a known, pure sample of S.
griseus. However, S. griseus is capable of forming biofilms and compounds known to be produced by this
species like indole-3-acetic acid and alanylclavam were found in abundance in the biofilm forming samples;
therefore these biofilms were likely formed by S. griseus and not an outside agent (Zelyas et al., 2008;
Vurukonda et al., 2018). Additionally, all control plates remained free of bacteria through the entirety of the
incubation period, suggesting proper sterile technique was used during inoculation and the plates were
adequately sealed to prevent contamination from the environment infiltrating the plates.

One of the colonies on a plate incubated at 22 °C became surrounded by a yellow pigment after
three days. One possible explanation for this is that some contamination got onto the plate during
inoculation and grew into visibility after a few days. Another possibility is that the pigment was excreted
by the bacterial colony at the pigments center. Ohnishi et al., 2003, describes the production of a yellow
pigment by S. griseus under conditions of phosphate depletion. The description of the pigment by Ohnishi
et al. matches what was seen in this experiment, but this experiment utilized rich media that should not have
become phosphate depleted after only three days of incubation.

2.4.2 Metabolomics Data as Inferred from FTICR-MS

FTICR-MS data characterizes bulk metabolite composition within the samples. Much of the
FTICR-MS data reinforces the plating and growth curve results. The increases in the abundance of protein-
and carbohydrate-like compounds at 22 °C were indicators that the bacteria were thriving. These molecules
are indicative of growth because proteins have a wide range of metabolic uses and carbohydrates are used
to store and supply energy to the cell (Lumen, n.d.; Revilla et al., n.d.). Proteins and carbohydrates are a
part of primary metabolic pathways, so their upregulation is indicative of greater growth (Saltveit, 2018).

Relative to the 22 °C samples and the controls, samples incubated at 4 °C and 35 °C experienced
increases in lignin-like or phenolic compounds. Phenolic compounds are often produced in response to
biotic or abiotic stresses, as they can act as signals that induce internal defense mechanisms (Saltveit, 2018).
Despite the lack of growth at 4 °C, the increase in phenols at this temperature is likely due to bacterial
activity very early on in the incubation period. The bacteria recognized the suboptimal temperature and
started to produce phenols in response to the stress but were unable to adapt to the temperature and grow
like the bacteria at 35 °C.

Of the three temperature treatments, samples incubated at 22 °C had the most negative GFE, then
35 °C, followed by the 4 °C samples, which had almost exclusively positive GFE. This means that more
catabolic reactions are occurring at 22 °C than the other temperatures. Catabolic reactions are meant to
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produce energy for building compounds like proteins, lipids, carbohydrates, and secondary metabolites.
Samples incubated at 35 °C had a similar but more positive GFE pattern than 22 °C samples, again
indicating growth, but at a reduced rate. Samples at 4 °C which showed no growth had almost no negative
GFE, despite control samples having negative GFE values. This is likely explained by the increase in phenols
at 4 °C, which would require energy to produce. Because the bacteria at 4 °C were not growing, they
catabolized low NOSC compounds in the media to provide the energy to build phenols, but then did not
grow enough to build carbohydrates and simple sugars that would result in negative GFE.

The increase in aromaticity index and DBE at 4 °C and 35 °C relative to the controls is likely due
to the production of phenolic compounds, once again indicating that the bacteria were stressed at these
temperatures. The decrease in these two metrics at 22 °C relative to the controls is likely due to the bacteria
building peptides and sugars, which is indicative of microbial growth.

The functional based diversity displays the diversity in the reactivity of the metabolites in a sample.
The elevated functional diversity observed at 22 °C is indicative of microbial activity because it shows that
compounds are actively undergoing reactions and that a wide range of compounds are being produced that
were not originally in the media. The decrease in functional diversity at 4 °C and 35 °C relative to the
control is likely partially due to the bacteria investing in phenol production. This decrease is also indicative
of stress. When bacteria are stressed, only primary metabolic pathways are active, limiting the functional
diversity of the compounds produced. The large variation at 35 °C aligns with what was seen on the solid
plates, where two of the plates had lots of growth, and therefore higher functional diversity, and the
remaining plates had very minimal growth, and therefore lower functional diversity.

The abundance-based diversity is a measure of the diversity in the type of metabolite present in the
sample. The increase in metabolite diversity at 22 °C indicates the bacteria are thriving because they are
creating a wide range of metabolites by utilizing primary and secondary metabolic pathways. Samples
incubated at 35 °C also have increased metabolite diversity relative to the control samples, indicating similar
but reduced activity relative to at 22 °C. This increase was likely carried by the two plates that formed
biofilms. The decrease in metabolite diversity at 4 °C is likely because the bacteria increased phenol
production and were stressed and only utilizing primary metabolic pathways.

2.4.3 Metabolomics Data as Inferred from LC-MS/MS

The heatmaps in Figure 21 show that even though the metabolic profiles of the 22 °C and 35 °C
biofilm-forming samples were similar, there were discernible differences between them. This means that
even though the bacteria that formed biofilms were able to grow abundantly like the bacteria incubated at
22 °C, the heat stress did cause differences in metabolite production. The patterns present at 4 °C and 35 °C
in non-biofilm-forming samples are very similar to the controls, showing that there was limited bacterial
activity. There were some differences between two of the non-biofilms 35 °C samples, the 4 °C samples,
and controls, showing that even though there was not much growth in these two 35 °C samples, there was
enough activity to differentiate them. Overall, four of the five plates incubated at 35 °C showed some degree
of difference relative to the controls and the 4 °C samples, indicating the bacteria were able to adapt to heat
stress and grow, albeit inconsistently.

Table 2 shows compounds upregulated at 35 °C and 22 °C relative to each other. Relative to 35 °C,
bacteria at 22 °C upregulated the production of compounds used in growth and energy storage, antimicrobial
compounds, antioxidants, and the plant growth hormone N-acetyl-4-aminosalicylic acid. Relative to at 22
°C, bacteria incubated at 35 °C upregulated lactic acid production and components involved in RNA
production. The upregulation of components used in growth is more evidence that the bacteria at 22 °C
were growing better than at 35 °C and the upregulation of energy storage compounds shows the bacteria
were not just growing but were thriving. The upregulation of components involved in RNA production is
likely driven by the media. In a comparison between the 22 °C and 4 °C samples, cytidine was upregulated
at 4 °C. Because there were no significant differences between 4 °C samples and the media, upregulation at
4 °C relative to 22 °C suggests this compound is present in high amounts in the media. Additionally, in a
comparison between 35 °C and 4 °C samples, none of the transcription components mentioned above were
significantly upregulated at 35 °C compared to at 4 °C. Because there was also limited overall activity at 35
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°C, this suggests that the compounds related to RNA production came primarily from the media.

The upregulation of antimicrobial agents at 22 °C means more of these compounds were produced
at 22 °C than at 35 °C, suggesting that S. griseus will become less effective at defending plants from
pathogens as global temperatures rise. Similarly, the upregulation of N-acetyl-4-aminosalicylic acid at 22
°C suggests S. griseus could become less effective at promoting plant growth as global temperatures rise.
However, this is less true in the case of biofilm forming S. griseus.

Lactic acid was likely upregulated at 35 °C because of the biofilms. Research has shown that
biofilms can generate local hypoxia, which would stimulate the Cori Cycle to produce lactic acid (Fox et
al., 2014; Wu et al., 2018). Research by Bohme et al., 1998, provides evidence that lactic acid has positive
effects on plant growth. Additionally, the production of indole-3-acetic acid and alanylclavam in 35 °C
biofilms suggests that if S. griseus is able to form a biofilm it can provide multiple benefits to plants. Despite
the downregulation of some antimicrobial agents and plant growth hormone N-acetyl-4-aminosalicylic acid
in 35 °C biofilms relative to 22 °C, as long S. griseus forms a biofilm, it can provide some benefits to plants
as S. griseus at 22 °C, although fewer still.

2.5 Conclusions

In accordance with the hypothesis, this experiment revealed that among the temperatures that were
tested, Streptomyces griseus grows the best and produces the most abundant and diverse set of metabolites
at 22 °C. At 35 °C, §. griseus grew inconsistently and produced fewer compounds that are beneficial for
plant growth and protection. In cultures that were able to form a biofilm at 35 °C, S. griseus grew more and
produced more plant beneficial metabolites than S. griseus that did not form biofilms at 35 °C. However,
biofilm forming S. griseus still produced fewer plant beneficial metabolites than at 22 °C. These results
suggest that as global temperatures rise, S. griseus will become less effective at protecting plants from
pathogens and promoting growth.
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Chapter 3: Implications and Future Directions

To decrease, or at the very least maintain current crop losses to pathogens, it will be important to
improve or develop new pest and pathogen control methods as the rhizosphere may become a less effective
agent in pest and pathogen control in the future, particularly if other rhizobacteria experience similar effects,
but this would need to be confirmed with additional experiments. One potential group of experiments would
be to repeat the methods described in this paper for other important rhizobacteria or a mix of rhizobacteria.
This would give us insight into whether it is just S. griseus that will become less effective with rising
temperatures or if the rhizosphere as a whole would become less effective. Additional analyses to this
experiment could include gas measurements of VOC changes with temperature and DNA sequencing to
gain further information on S. griseus biofilm forming genes. Another potential experiment would be to
incubate rhizobacteria present in soil with plants to determine if association with a plant significantly
increases resilience to elevated temperatures and alters the metabolic profile of the bacteria. This would
require additional work involving isolated bacterial cultures and isolated plants to determine where the
metabolites came from.

This research project contributes to our understanding of how Streptomyces griseus and the
rhizosphere will respond to rising global temperatures. Through this work and future research projects, we
will gain a better understanding of how future crop losses to pests and pathogens may be affected, guiding
us towards solutions that will ensure global food security.
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