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WILDFIRE IMPACTS ON SOIL MICROBIAL COMMUNITIES: POTENTIAL FOR DISRUPTIONS TO NUTRIENT

CYCLING AND ANTIBIOTIC RESISTANCE GENE PROPAGATION IN BACTERIA

Abstract

by Tyler Alan Patrick, M.S.
Washington State University
December 2021

Chair: Courtney Gardner

Wildfires naturally regulate nutrient cycling in ecosystems, but anthropogenic influences have
caused wildfires to threaten the United States with increasing regularity and wildfires regularly impact soil
bacteria. Wildfire-affected soils were studied with two primary objectives: 1) Determine the community
composition in soils affected by wildfire intensities (i.e., low, moderate, high) to examine the impact on
nutrient-cycling bacteria and 2) examine the effect of wildfires on the development of antibiotic resistance
genes (ARGs) in soils. Objective 1 was achieved by characterizing soil bacterial communities in control (i.e.,
unburned) and burned soils using Illumina MiSeq 16S sequencing. Intensity (i.e., heat yield) was used
rather than severity (i.e., burn impact) to examine the impact of fire temperatures on bacteria abundance.
Six families and 17 genera were significantly (Spearman rs > |0.4|,; p < 0.05) negatively associated with
wildfire intensity and three families and six genera were significantly positively associated with wildfire
intensity. Many of these taxa contain species that are known to be critical contributors to maintaining
global nutrient cycles (i.e., nitrogen, sulfur, and phosphorus). Objective 2 was achieved by performing
polymerase chain reaction and gel electrophoresis on isolated DNA. We targeted ARGs conferring

resistance to common antibiotics (i.e., sull, sul2, tetM, tetB, tetO, tetW, and ermF) as well as last resort



antibiotics (i.e., mcr-1, optrA, fosA2, cfr). ARGs could increase after wildfires due to bacteria exposure to
antibiotic fungal secondary metabolites, co-selection of ARGs on plasmids, increased rates of horizontal
gene transfer, and exposure to antibiotics in runoff. No ARGs were detected in control soils. However,
several ARGs were detected in burned soils. Su/l was prominent in low and moderate intensity soils, while
sul2 dominated in low intensity soils. TetW was prominent in moderate fire intensity soils. These results
suggest that wildfires significantly alter microbial community structures and functions. A decrease in
average relative abundance of nutrient cyclers after high intensity wildfires could slow ecosystem
recovery, while the prominence of ARGs in wildfire affected soils suggests that wildfires increase ARG
abundance. Increases in ARGs in the environment pose health risks to humans as the spread of antibiotic

resistant infections grows.
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CHAPTER ONE: INTRODUCTION

Wildfires are a necessary and natural phenomenon that help to regulate nutrient cycling in
ecosystems (Pausas & Bond, 2020; Pereira et al., 2021), but climate change and anthropogenic influences
have exacerbated the negative effects of wildfires in recent years. Widespread increases in the number
of fire events (Moritz et al.,, 2012), fire season length (Westerling et al., 2006), and total burn area
(Dennison et al., 2014) have created unprecedented challenges for protecting human health and the
environment (Arnold et al., 2014). An increase in drought occurrence (Kountouris, 2020) and overall global
temperature due to climate change, coupled with an accumulation of wildfire fuel (i.e., dried grasses and
dead trees), has resulted in more intense and frequent fires throughout the western United States (Keane
& Karau, 2010). Since 1986, the average area of land burned during uncontrolled fire events across the
western United States has increased by 355 km? annually (Dennison et al., 2014) and recent studies have
shown that anthropogenic climate change will continue to drive these trends upwards (Abatzoglou &
Williams, 2016) (Figure 1). However, this escalation in wildfires is not limited to this region of the United
States. Thus, additional research that evaluates the holistic impacts of wildfire on environmental and

human health are urgently needed.
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Figure 1. Wildfires and acreage burned in the US from 1986 — 2019, without data from North Carolina in
2004 (National Interagency Fire Center, 2021).

Figure 1 shows that the acreage burned in the U.S. during wildfire events has increased steadily
since 1986. During a preliminary analysis of wildfire trends, we assessed the relationships among years,
fires, and acreage burned using raw data from the National Interagency Fire Center using IBM SPSS
Statistics 26 software (2021). Our analysis showed a correlation of 0.600 between acreage burned and
years elapsed with a strong association among these variables (p < 0.001). These increases have also
resulted in a corresponding increase in emissions of carbon dioxide, carbon monoxide, and other

greenhouse gases that contribute to further climate change (Guo et al., 2017).

The environmental impacts of wildfires are not limited only to increases in global burn area. For
example, many species make their habitats in wildfire fuel and increased acreage destroyed by wildfires
results in the destruction of those habitats (Rochelmeyer et al., 2019). Additionally, the annual economic
costs and losses (e.g., agriculture loss, injuries and deaths, evacuation costs, etc.) of wildfires in the U.S.
are estimated to be between $71.7 and $346 billion (Thomas, 2017). Wildfires affect drinking water
supplies as reservoirs are polluted with sediments and ash and many drinking water treatment plants are

not equipped to deal with an increase in pollutants (EPA, 2019). Most past wildfire research has focused



on loss of animal life and habitat, destruction of property, and economic cost of recovery. This research
has largely ignored the potential impacts of wildfires on environmental microbes which provide critical
services for maintaining sustainable ecosystems. These microbes are known as the soil microbiome, a
collection of microorganisms and their associated genes that support ecosystem health through nutrient
cycling (Jansson & Hofmockel, 2020). Soil microorganisms are affected by wildfires in varying ways, often
experiencing reduced or eliminated populations after wildfire events (Kara & Bolat, 2009). Several studies
have already noted that as high intensity fires are more frequent, damage to soil ecosystems will become
more common and more severe (Barcenas-Moreno & Baath, 2009; Santin & Doerr, 2016). Wildfires can
cause soils to reach extremely high temperatures, potentially releasing toxic compounds stored in the soil
(Terzano et al., 2021) and changing many soil physiochemical characteristics (Whitman et al., 2019). Post-
fire effects on soil quality can persist for more than a decade, compounding these threats and highlighting
the need to better understand how these changes can significantly alter the health of soil microbial

communities (Bladon et al., 2014; Bormann et al., 2008; Ice et al., 2004).

1.1 Wildfire Impacts on Microbial Community Structures and Nutrient Cycling Activity

Soil bacteria can be affected by wildfire-induced alterations to soil chemistry and structure in
multiple ways. First, fire heat can directly impact bacteria by killing soil microbes outright (Nelson et al.,
2021), decreasing microbial biomass in the soil, and altering community structure (Koster et al., 2021).
This alters microbial dynamics across both small (e.g., cell metabolism and communication) and large (e.g.,
community dynamics and microbial evolution) scales. The most marked shift in microbial communities
following wildfires has been seen in the cycling of soil nutrients such as nitrogen, sulfur, phosphorus, and
carbon (H. Xu et al., 2021; Yadav et al., 2021). In the nitrogen cycle, bacteria transform organic nitrogen
from decomposed plant and animals into an inorganic form that plants can use. As plants decompose,

assimilated nitrogen returns to the soil in an organic form and the cycle continues (Killpack & Buchholz,



1993). Bacteria can also fix atmospheric nitrogen converting it to more reactive compounds (e.g.,

ammonia) (Natwora & Sheik, 2021). Plant growth is benefitted by this process (Yadav et al., 2021).

During the sulfur cycle, sulfur is deposited into the soil from the atmosphere through mineral
weathering and organic material decomposition (Edwards, 1998). Bacteria are primarily responsible for
sulfur mineralization, the transformation of organic sulfur often bound to hydrocarbons, to inorganic
sulfur (Gu et al., 2017). When the sulfur is transformed to an inorganic form, plants can utilize it and
release it back into the soil in an organic form upon death (Edwards, 1998). Genera that can decompose
organic sulfur include species of Methylophaga (Schiafer, 2007) and Arthrobacter (Yang et al., 2007).
Sulfide-oxidizing bacteria and sulfate-reducing bacteria are heavily involved in the sulfur cycle (Aranda et
al., 2015; Tang et al., 2009). Examples of sulfide-oxidizing bacteria include Candidatus Isobeggiatoa,
Candidatus Parabeggiatoa, and Arcobacter (Aranda et al., 2015). Complete oxidizers include
Desulfobacter and Desulfococcus and incomplete oxidizers include Desulfovibrio and Desulfofustis (Tang

et al., 2009).

The phosphorus cycle is similar to the sulfur cycle, as weathering breaks down minerals and causes
phosphate ions to be released (Flicoteaux & Lucas, 1984). Plants can use phosphate ions, but the
phosphorus is released in a carbon-bonded organic form upon death. Bacteria can utilize carbon-bound
phosphate, transforming the organic phosphorus back to inorganic phosphorus, and the cycle continues
(Zeng et al., 2022). Genera that can degrade organic phosphorus include species of Flavobacterium,

Enterobacter, and Arthrobacter, and Pseudomonas (Singh & Walker, 2006).

Finally, in the carbon cycle, plants fix atmospheric carbon during photosynthesis and store it in
the soil (Johnston et al., 2004). Some lithotrophic bacteria can also fix carbon dioxide and use it for

metabolism (Rubin-Blum et al., 2019). Heterotrophic bacteria use organic sources of carbon (S. Wang et



al., 2021) and these bacteria can convert soil carbon back to atmospheric carbon dioxide, helping the
carbon cycle continue (Ecoss, 2015). Some species involved in the conversion of soil to atmospheric
carbon are Bacteroides succinogenes, Clostridium butyricum, and Syntrophomonas spp. (Abatenh et al.,
2018). Additionally, when plants and animals die, soil microorganisms recycle the nutrients from the dead
matter back into the environment so they can be reused by other species in the form of DNA, RNA, and

amino acid construction (Yadav et al., 2021).

Microorganisms manage nutrient cycling in the soil (Kara & Bolat, 2009) and a reduction in healthy
soil microbial populations leads to a loss of soil nutrients and a decrease in ecosystem diversity. Runoff
and soil erosion is also extremely common after wildfires, carrying away vital nutrients from recovering
areas (Shakesby, 2011). Fires can indirectly impact microbes by changing soil chemistry to become
inhospitable for bacteria (Nelson et al., 2021). These changes in soil chemistry depend on the soil
temperature caused by wildfires and include alterations to pH and soil organic matter content and
decreases in total nitrogen (Nelson et al., 2021; Xu et al., 2012) Wildfire heating of soil can also cause
changes in soil organic matter structure, increasing the ratio of carbon to combustible organic material
(Neff et al., 2005). Long term effects of fire may also impact microbial communities by destroying native
plants and encouraging the growth of invasive species (Hart et al., 2005). Bacteria play an active role in
plant development, with plant growth being promoted by bacteria that fix nitrogen in the rhizosphere,
the immediate area surrounding plants roots (Moreira et al., 2020). High intensity fires can decrease
nitrogen-fixing gene abundance in soil bacteria (Nelson et al., 2021), indicating that nitrogen cycling
activity is likely significantly altered in soils exposed to wildfires. As a result, this decrease in nitrogen
fixation, combined with the erosion of surface soil nutrients after wildfires, could prove detrimental for
already struggling plant life post-fire as plants are unable to obtain the required nutrients from their

environment.



Previous studies have shown that bacteria taxa have varying responses to fire intensity (Barcenas-
Moreno & Baath, 2009; Certini et al., 2021; Whitman et al., 2019). Phyla that have been observed to
increase post-fire include Actinobacteria and Proteobacteria groups (Nelson et al., 2021). Most
Actinobacteria and Proteobacteria are highly involved breaking down a variety of organic materials (Ul-
Hassan, 2009), a process that would be beneficial for a recovering ecosystem post-fire. However,
Proteobacteria includes pathogenic species like E. coli (K. G. Patel & Pyrsopoulos, 2019), indicating that
an increase in Proteobacteria post-fire could have downstream risks for human health and environmental
quality. Solirubrobacteraceae and Frankiaceae families belonging to the phylum Actinobacteria are often
more abundant in fire exposed soils compared to control soils (Nelson et al., 2021). Solirubrobacter, part
of the Solirubrobacteraceae family, supports a role in the nitrogen cycle (Maquia et al., 2021). Frankiaceae
are nitrogen fixing bacteria that live in root nodules of plants (Normand, 2006) and would likely encourage
ecosystem recovery post-fire. The genus Massilia, part of the Oxalobacteraceae family, also increases
post-fire (Whitman et al., 2019), and species of Oxalobacteraceae promote nitrogen acquisition in plants
(Yu et al., 2021). The Actinobacteria genera Arthrobacter has also shown to increase following wildfires
(Nelson et al., 2021). Some Arthrobacter spp. capable of nitrogen metabolism assist in ecosystem recovery
after wildfires (Fernandez-Gonzalez et al., 2017). Many bacteria decrease following wildfire exposure. The
Acidobacteria phylum has been shown to decrease with wildfire intensity (Adkins et al.,, 2020).
Acidobacteria are oligotrophs, which can survive on low levels of nutrients, and their decrease post-fire
could be due to low reproduction rates in response to environmental stress from wildfires (D. A. Gray et
al., 2019). However, interphylum taxa have been demonstrated to be disparately affected by wildfire,
suggesting high-level phylogenetic relationships cannot predict microbial responses to wildfires. For
example, Chloroflexia and Ktedonobacteria both belong to the Chloroflexi phylum, but Chloroflexia spp.

have decreased abundance after fires while Ktedonobacteria spp. have increased abundance (Zhou et al.,



2020).

Wildfires that burn surface soils for long durations can cause surface soils to reach extremely high
temperatures (Terzano et al., 2021), indicating that impacts to soil microbiomes will differ across soil
depths. Fire disproportionately affects surface soils (Fairbanks et al., 2020) and high temperatures can
effect soil and chemical properties 15 cm below the surface and up to 30 cm below during extremely
severe (i.e., destructive) wildfires (Terzano et al., 2021). While wildfires can cause soil temperatures at the
surface to reach 850°C, and even 1,000°C for high intensity fires, dry soil is usually fairly insulating and soil
temperatures below a 5 cm depth are unlikely to exceed 150°C (N. R. Smith et al., 2008; Terzano et al.,
2021). A study by Qin & Liu (2021) examined wildfire effects on varying soil depths during a rainy season,
and found that while the top 5 cm of soil was most affected, bacteria up to 20 cm below were affected

over time.

The extreme effects of burning at the surface can potentially release toxic compounds (e.g., lead,
mercury, arsenic) from the soils which could negatively impact microorganisms, through mechanisms such
as enzyme inactivation and cell damage (Certini et al., 2021; Terzano et al., 2021). It is well known that
wildfires can cause microbial death (Hart et al., 2005; Terzano et al., 2021; Xiang et al., 2014), likely
because most soil-dwelling microbes live in the uppermost soil layer which is most affected by fire (Certini
et al., 2021). Less information exists on the effects of wildfire intensity and its relationship with nutrient
cycling bacteria, however, so it is unknown whether reduced populations of nutrient cycling bacteria could

slow ecosystem recovery post-fire.

1.2 Development of Antibiotic Resistance Genes in Microorganisms
In addition to changes in bacteria community structure, wildfires could contribute to the
development and distribution of antibiotic resistance genes (ARGSs) in soil microbes. While bacteria play

key roles in maintaining ecological homeostasis, there is limited research around wildfire impacts on the



structure and function of soil bacteria or the distribution of ARGs in soils exposed to wildfire. There are
currently 700,000 global deaths per year from antibiotic resistant infections and this number is expected
to increase to 10 million deaths annually by 2050 (Patel & Williams, 2019). Antibiotics are used to treat
bacterial infections and to raise healthy livestock (Polianciuc et al., 2020) and these antibiotics can find
their way to the environment through both natural (e.g., gene transfer among bacterial communities) and
anthropogenic (e.g., wastewater-derived biosolids) sources (Zhang et al., 2021). Wildfires also increase
surface runoff, generally by decreasing infiltration capabilities of the soil (Ebel, 2020; Smith et al., 2008),
providing a potential long-range transportation route of ARGs through runoff events (Zhang et al., 2021).
This research gap surrounding wildfire impacts on ARG development has left society unprepared to deal

with the potential rise in antibiotic resistant bacteria due to increasing wildfire activity.

Horizontal gene transfer (i.e., the transfer of genetic information among unrelated organisms) is
main mechanism for inducing genetic modifications in bacterial communities and is known to play a
significant role in the spread of antibiotic resistance (Zhang et al.,, 2021). Numerous studies have
demonstrated that genetic adaptation rates are linked to both physicochemical and environmental factors
(e.g., limited or altered nutrient availability) as well as internal microbial factors (e.g., metabolic stress),
which directly correlate to the gene transfer potential of a microbial community (e.g., Hardiman et al.,
2016; Sheppard et al., 2020). However, these studies have been conducted under steady-state
environmental conditions and have completely ignored the influence of disruptive events such as
wildfires. Post-fire landscapes are characterized by many conditions that could promote the spread of
antibiotic resistance genes including limited resource availability, release of heavy metals, and altered
fungal-bacterial community dynamics (Liodakis & Tsoukala, 2009; Nelson et al., 2021; Yogabaanu et al.,
2017). Assessing the impacts of wildfires on the abundance of antibiotic resistance genes in environmental

microbes is critical for evaluating the long-term impact of wildfires for human and environmental health.



It has also been demonstrated that wildfires result in an increase in heavy metal concentrations
in the environment (Liodakis & Tsoukala, 2009). Wildfires result in the deposition of ash, a combination
of minerals and burned organic material, onto surface soils (Bodi et al., 2014). Wood ash resulting from
wildfires is a well-documented source of heavy metals such as zinc and copper, which are often released
from burned plants and soils during and after combustion reactions (Bodi et al., 2014; Zhangetal., 2021).
In addition, modern firefighting practices involve the use of ammonium sulfates, which affect heavy metal
solubility (Liodakis & Tsoukala, 2009). When the sulfate ions in the fire retardants form sulfuric acid, soil
pH is lowered, causing heavy metals in the soil and ash to become more soluble in water (Liodakis &
Tsoukala, 2009). This increased solubility may result in more frequent contact of heavy metals in soils with
bacteria (Plumlee et al., 2007). The release of heavy metals following wildfires may also be a major factor
influencing the spread of antibiotic resistant bacteria. For example, increases in zinc concentrations in soil
have resulted in the development of zinc resistance in bacteria populations. These increases in zinc
resistant bacteria are also correlated with a rise in antibiotic resistance in the same bacteria (Dickinson et
al.,, 2019). The elevated concentrations of heavy metals in soils after wildfires may trigger a similar
increase in the abundance and diversity of antibiotic resistance in bacteria that remain in wildfire affected
soils.

Bacteria and fungi appear to respond differently to wildfire exposure. A study by Vazquez and
colleagues (1993) showed that one month after a simulated wildfire event, the bacteria population
increased while the number of fungi decreased dramatically and was slow to rebound. The bacteria
population likely rebounded quickly due to beneficial moisture and temperature levels as well as an
increase in soil nutrients. While fungal populations could be expected to recover equally well, there were
two likely reasons for the fungal population decline. The organic substrates used for energy and nutrition

by the fungi were likely rendered unusable by the wildfire heat and fungal growth was also likely inhibited



by chemicals produced during combustion (Vazquez et al., 1993). Fungi are known to produce secondary
metabolites in extreme environments for competitive and defensive purposes (Yogabaanu et al., 2017)
and these secondary metabolites often have antibiotic properties (Fatima et al., 2019). Fungi may produce
secondary metabolites due to environmental stressors from wildfires and some of these metabolites have
antibiotic properties (Ebrahimi et al., 2021). This could further increase ARG abundance in microbes after
wildfires as microorganisms are exposed to elevated antibiotic levels in the soil.
1.3 Statement of Research Goals and Objectives

Soil microbial communities are often negatively impacted by wildfire events and these impacts
will likely be exacerbated as wildfires become more frequent. Nitrogen-fixing bacteria play a key role in
nitrogen acquisition in plants (Nelson et al., 2021), so an impact on nitrogen fixing bacteria could have
devastating consequences for ecosystem recovery. Additionally, the potential increase of ARGs from
wildfires is a pressing concern, especially given the increase in antibiotic resistant infections worldwide.

Thus, the research objectives for this thesis were to:

1. Assess soil microbiome structures following wildfire events and evaluate the association of

wildfire events on the distribution of nutrient-cycling bacteria; and

2. Examine whether wildfire-exposed soils are associated with increased abundance and

diversity of antibiotic resistance genes.

The underlying hypothesis for Objective 1 is that nutrient cycling bacteria will be most negatively
affected by high intensity wildfires because high intensity wildfires are extremely damaging to soil bacteria
(Barcenas-Moreno & Baath, 2009). The underlying hypothesis for Objective 2 is that antibiotic resistance

gene abundance will be higher in soils exposed to high intensity wildfires.
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To identify bacteria affected by wildfires, soil and ash samples were collected from fire-affected
areas in California, Washington, and Idaho and bacterial DNA was isolated from each sample. To achieve
Objective 1, the DNA samples underwent lllumina MiSeq Sequencing to identify the bacterial community
structure in each sample. Spearman correlations and Jonckheere-Terpstra (JT) tests were then used to
identify significant associations among soil microbiome structures, wildfire intensity, and soil depth. To
achieve Objective 2, samples were also screened for the presence of ARGs using polymerase chain
reaction (PCR) and gel electrophoresis. Selected genes included ARGs conferring microbial resistance to
conventional antibiotics (i.e., sull, sul2, tetM, tetB, tetO, tetW, and ermF) and last resort antibiotics (i.e.,
mcr-1, optrA, fosA2, and cfr). By comparing ARGs in controls (i.e., unburned and physically similar soils)
versus fire-affected soils, wildfire impacts on ARG development in soil bacteria could be determined. The
findings from this thesis will increase the knowledge of bacteria taxa affected by wildfires, enabling
researchers to better understand the impacts of wildfires on ecosystem recovery. Furthermore, any
increase of knowledge of wildfire effects on ARG development would be beneficial as antibiotic resistant

bacteria are an ever-growing threat.
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CHAPTER TWO: ASSESSING SOIL MICROBIOME RESPONSES TO WILDFIRES

2.1 Introduction

Wildfire frequency and acreage burned in the United States has been increasing since 1986
(National Interagency Fire Center, 2021), including more intense (i.e., higher heat) and frequent fires in
the western United States (Keane & Karau, 2010). This is due to an increase in wildfire fuel (i.e.,
combustible organic material; Keane & Karau, 2010) and drought occurrence (Kountouris, 2020). The U.S.
has experienced increases in the number of wildfires (Moritz et al., 2012), the length of the wildfire season
(Westerling et al., 2006), and affected burn area (Dennison et al., 2014). In areas that are not wildfire
dependent, these wildfires can have destructive consequences, resulting in the destruction of animal
habitats (Rochelmeyer et al., 2019) and plant life by destroying bark, roots, and exposing bare soil (Smith,
2000). Large flora and fauna are not the only affected organisms in the environment. Soil bacteria are
often affected by wildfires, both directly through microbial death (Kara & Bolat, 2009) and indirectly due
to changes in soil characteristics post-fire that affect metabolic rates and viability (Whitman et al., 2019).
Bacteria manage nutrient cycling in soils and sediments across the globe (Kara & Bolat, 2009) and a
reduction in healthy soil microbial populations leads to a loss of soil nutrients and a decrease in ecosystem
diversity in the soil microbiome. Soil bacteria also play an active role in plant development by providing
plants with usable form of nutrients needed for growth (Moreira et al., 2020). As a result, when the
structure (i.e., species diversity and abundance) or function (i.e., genetic diversity and resilience) of soil

microbiomes is changed by wildfire, there can be long-lasting effects on the surrounding ecosystem.

Soil bacteria can have varying responses to wildfires depending on wildfire intensity. Wildfire
intensity is the measure of heat transfer at the front of wildfires, while wildfire severity refers to the
resulting ecosystem impact from wildfires (Keeley, 2008; Robichaud et al., 2000). Intensity was used in

this study, rather than severity, because intensity measurements can be used to estimate fire heats and
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the resulting impacts on soil bacteria abundance. Severity is not a direct measurement of fire heat, and
accurately measuring fire heat is important because bacteria have varying responses to different heat
levels (Moya et al., 2021; Terzano et al., 2021). Low intensity burning can mobilize and increase the
bioavailability of soil nutrients and drive increases in the proliferation of some bacterial taxa (Moya et al.,
2021). In contrast, higher intensity fires can result in increasingly negative effects on plant and soil
properties such as nutrient levels (Gray & Dighton, 2009), pH, and porosity (Terzano et al., 2021), leading
to the development of unfavorable environmental conditions and microbial death. However, the
persistence of these changes are dependent on plant and soil characteristics such as the area occupied by
tree trunks and the mass of litter on forest floors (Adkins et al., 2020). Although wildfires naturally regulate
nutrients in ecosystems (Pausas & Bond, 2020; Pereira et al., 2021), it is likely that, due to the damaging
effects of high intensity fires on microbes, fires that affect soil temperatures can have negative impacts
on ecosystem recovery caused by the loss of nutrient cycling bacteria or diminished metabolic activity in

post-fire recovery.

2.1.1 Impacts of Wildfire Intensity on Soil Chemistry

Wildfires can cause changes in soil physiochemical characteristics, such as soil pH, composition,
porosity, and available nutrients, and these changes can persist for several years after initial wildfire
events (Xu et al.,, 2012). Wildfires tend to increase soil pH and electrical conductivity and decrease
permeability, porosity, hydraulic conductivity, and available nutrients. There are additional effects that
have been observed in soils affected by wildfire, including changes in microbial biomass, soil structure
stability, and water repellence (Terzano et al., 2021). Wildfires can also have different intensities, which
is the measure of heat energy produced during a wildfire (Dellasala, 2018). Maximum ground
temperatures during wildfires typically range from 200-300°C, although high-fuel areas can reach

temperatures above 500°C (Barcenas-Moreno & Baath, 2009), while fire temperatures themselves can
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reach 1,500°C (Knicker, 2007). As fuel accumulates (e.g., dead trees), wildfires are likely to have higher
intensities (Wu et al., 2013). Wildfire intensity is measured in the rate of heat transfer over distance,
typically represented in watts or joules per meter (Frangieh et al., 2020; Knicker, 2007). Measuring fire
intensity with physical instruments can be difficult, however, thus remote-imaging methods are
considered most effective. The Sentinel-2 mission, launched by the European Space Agency, has two
satellites that use spectral bands to measure environmental conditions on the ground (Earth Resources
Observation and Science Center, 2017). Sentinel-2 can be used for identifying and tracking wildfires, and

the spectral bands used can identify different wildfire intensities in W/m?2(Hu et al., 2021).

Low-intensity wildfires have not been found to drive significant alterations to many soil
physiochemical properties because the temperatures associated with low-intensity burns are not high
enough to create any major chemical reactions in the soil (Moya et al., 2021). For example, no changes in
pH, soil moisture, or temperature were observed 14 months after a low intensity wildfire in northwest
China (Xu et al., 2012). Kranz & Whitman (2019) found a similar result when they studied low temperature
prescribed fires in Wisconsin, USA, and found no change in these soil properties post-fire compared to
control samples. Low intensity burning has also been found to promote phosphorus availability (Gray &
Dighton, 2009) and increase amount of positively charged nutrients (e.g., K*, Mg?') in the soil (Francos et
al., 2018). As phosphorous is a growth-limiting nutrient for many microbes, increasing its soil availability
has positive effects on the growth of soil microbial communities (Moya et al., 2021). A study using
experimental low-intensity wildfires found that microbial biomass and activity (e.g., respiration) were
reduced after the wildfire but microbial diversity increased and the wildfire did not significantly change
the soil (Fonturbel et al., 2012). However, even low intensity wildfires have been found to strongly affect
soil organic matter (SOM) (Terzano et al., 2021). SOM is partially decayed organic plant and animal matter

found only in the soil (Fageria, 2012). SOM is easily destructible at low temperatures and it accumulates
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in the topsoil (Terzano et al., 2021). As wildfires disproportionately affect surface soils (Fairbanks et al.,
2020), SOM is at high risk of combustion during wildfires. This decrease in SOM is balanced, however, by
the deposition of new organic matter from wildfires into the soils, which may cause a spike in SOM of up
to 30% post-fire (Terzano et al., 2021). Heterotrophic bacteria consume organic carbon sources (Wang et

al., 2021), so it is likely that they would benefit from low intensity wildfires.

Moderate intensity wildfires have been found to alter soil characteristics with effects persisting
for years after the wildfire. Three years after a moderate intensity wildfire in a P. ponderosa forest, the
burned soils had higher pH, less moisture content, and higher levels of extractable phosphorus and zinc
than unburned soils (Xu et al., 2012). A moderate intensity shrubbery wildfire was studied over time in
northwest China and research showed that soil pH increased immediately after the wildfire when
compared to unburned soils and remained at elevated levels during the 15 month study post-fire (Xu et
al., 2012). Soil pH increases are due to the release and deposition of cations onto surface soils (Smith et
al., 2008). The study by Xu et al. (2012) also showed that available phosphorus increased sharply after
four months and eventually reached a level eight-times higher than the unburned soil, while soil organic
matter and total nitrogen decreased to lower levels than the unburned soils for the entire 15-month study.
Available nitrogen was found to decrease two months after the wildfire, but began to increase once

vegetation was restored one year after the wildfire (Xu et al., 2012).

High intensity wildfires decrease nitrogen-fixing gene abundance (Nelson et al., 2021) and this
decrease in nitrogen fixation could prove detrimental for already struggling plant life post-fire. This
decrease in nitrogen fixing genes is not unexpected, as nitrogen cycling bacteria are known to be highly
sensitive to environmental changes and are quickly negatively impacted when these changes create less
hospitable growing conditions (Nelson et al., 2021). One year and two months after a high intensity

wildfire, soil increased in moisture and temperature and decrease in pH levels (Xu et al., 2012). One study
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looked at differences between prescribed burns and high intensity wildfires and saw that within 15 years
after a wildfire, percent total carbon remained relatively unchanged. After 15 years, however, the
occurrence of high intensity wildfires increased soil carbon substantially, especially when the time since
the wildfire was greater than 30 years (Sawyer et al., 2018). However, there are many confounding factors
present in such a study because of the extended time scope and it is difficult to understand causative

factors in both prescribed burns and high intensity fires over a long period of time.

Additionally, wildfires result in the deposition of ash, a combination of minerals (e.g., phosphates,
sulfates, carbonates) and burned organic material (e.g., slightly burned vegetation, charcoal), onto surface
soils (Bodi et al., 2014). Although complete combustion processes of vegetation releases gases and leaves
behind mineral components, combustion during wildfires is often incomplete, thus some of the fuel
remains behind as charred organic material (Bodi et al., 2014). The color of ash can vary based on the
completeness of combustion, with low combustion completeness resulting in darker ash and high
combustion completeness resulting in white ash, normally found on top of black ash (Bodi et al., 2014).
Wood ash resulting from wildfires is a well-documented source of heavy metals such as zinc and copper,
which are often released from burned plants and soils during and after combustion reactions (Bodi et al.,
2014; Zhang et al., 2021). High concentrations of heavy metals can result in microbial death (lIgiri et al.,
2018), and ash from high temperature combustion processes has fewer nutrients than ash from low

temperature combustion (Bodi et al., 2014).

2.1.2 Nutrient Cycling in Wildfire Affected Soils

Soil bacteria are responsible for a number of roles in the soil, including the cycling of key nutrients
including nitrogen, sulfur, phosphorus, and carbon (Yadav et al., 2021; Xu et al., 2021). In the nitrogen
cycle, bacteria can transform organic nitrogen from decomposed plant and animals into an inorganic form

that plants can use. When the plants die, the nitrogen returns to the soil in an organic form and the cycle
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continues (Killpack & Buchholz, 1993). The nitrogen cycle involves nitrogen fixation, nitrification, and
denitrification (Too et al., 2021). Bacteria can fix atmospheric nitrogen, converting it to more reactive
compounds such as ammonia or ammonium (Natwora & Sheik, 2021; Too et al., 2021) and plant growth
is benefitted by this process (Yadav et al., 2021). Nitrogen fixation is mediated by the enzyme nitrogenase,

which converts nitrogen gas to ammonia (Kuypers et al., 2018).

Nitrogen-fixing genera include Beijjerinckia, Azotobacter, Azospirillum, Herbaspirillum,
Gluconacetobacter, Burkholderia, Clostridium, Methanosarcina, and Paenibacillus (Aasfar et al., 2021).
Bacteria also degrade organic nitrogen from plants in the process of ammonification, releasing ammonia
in the process (Kuypers et al., 2018). Ammonia can undergo oxidation, where ammonia monooxygenase
is used to oxidize the ammonia to hydroxylamine (Kuypers et al., 2018). Ammonia oxidizing bacteria
include the genera Nitrosospira and Nitrosomonas (He et al., 2012). Ammonia oxidation requires energy,
so energy is conserved by further oxidizing the hydroxylamine to nitric oxide by using hydroxylamine
oxidoreductase and then even further oxidizing the nitric oxide to nitrite (Kuypers et al., 2018). Ammonia
can also undergo nitrification, which is the conversion of ammonia to nitrite (e.g., by archaea such as
Nitrososphaera) and then to nitrate through oxidation using nitrite oxidoreductase by bacteria such as
Nitrobacter and Nitrospira (Kuypers et al., 2018; Norton & Ouyang, 2019; Too et al., 2021). Some species
of Nitrospira have even been found to utilize the entire nitrification reaction from ammonia to nitrite by

themselves (Norton & Ouyang, 2019).

Nitrogen can also be removed from the soil environment through denitrification, which is the
reduction of nitrate back to nitrite by either a membrane-bound nitrate reductase or periplasmic nitrate
reductase (Kuypers et al., 2018). The nitrite is then transformed to ammonium by a reductase enzyme
(Kuypers et al., 2018). Alternatively, nitrite can be reduced to nitric oxide then further reduced to nitrous

oxide before it undergoes a final reduction step to nitrogen gas (Kuypers et al., 2018; Too et al., 2021).
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Examples of key denitrifying bacteria are the genera Pseudomonas, Paracoccus, Microvirgula, and
Thaurea (Takaya et al., 2003). Too and colleagues (2021) identified several bacteria involved in the
nitrogen cycle in a peat swamp forest, with two Dyella spp. and one Paraburkholderia sp. reducing nitrate
to nitrite and one Klebsiella sp. reducing nitrate to ammonium. Additionally, nitrogen starts to volatilize
at temperatures above 120°C. Although the total loss of nitrogen due to wildfires rarely exceeds 50%,
long-term reduction in soil nitrogen may stunt microbial activity (Hart et al., 2005). Bacteria can have
complicated metabolisms with some being able to accomplish multiple steps of the nitrogen cycle
simultaneously (Kuypers et al., 2018). Thus, the reduction in one taxon can have negative effects on

multiple steps in the nitrogen cycle.

During the sulfur cycle, sulfur is deposited into the soil from the atmosphere, mineral weathering,
and organic material decomposition (Edwards, 1998). Bacteria are primarily responsible for sulfur
mineralization, the transformation of organic sulfur, often bound to hydrocarbons, to inorganic sulfur (Gu
et al., 2017). When the sulfur is transformed to an inorganic form, plants can utilize it and release it back
into the soil in an organic form upon death (Edwards, 1998). Genera that can decompose organic sulfur
include species of Methylophaga (Schafer, 2007) and Arthrobacter (Yang et al., 2007). Sulfide-oxidizing
bacteria and sulfate-reducing bacteria are heavily involved in the sulfur cycle (Aranda et al., 2015; Tang et
al., 2009). Examples of sulfide-oxidizing bacteria include Candidatus Isobeggiatoa, Candidatus
Parabeggiatoa, and Arcobacter (Aranda et al., 2015). Complete oxidizers include the genera Desulfobacter

and Desulfococcus and incomplete oxidizers include Desulfovibrio and Desulfofustis (Tang et al., 2009).

The phosphorus cycle is similar to the sulfur cycle, where weathering breaks down minerals and
causes phosphate ions to be released. Plants utilize these phosphate ions and phosphorus is released in a
carbon-bonded organic form upon floral death. Bacteria can utilize this organic phosphorus, transforming

it back to an inorganic form, continuing the cycle (Zeng et al., 2022). Most soil phosphorus (i.e., 95-99%)
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is in a form that plants cannot use (i.e., insoluble organic and inorganic phosphorus, soluble organic
phosphorus), so transformation of unusable phosphorus by microbes is essential for ecosystem health
(Wan et al., 2020). Taxa that can degrade organic phosphorus include species of Flavobacterium,

Enterobacter, and Arthrobacter, and Pseudomonas (Singh & Walker, 2006).

Finally, in the carbon cycle, plants use photosynthesis to fix atmospheric carbon (CO;) and store it
underground (Johnston et al., 2004). Microorganisms can convert soil carbon back to CO, and the cycle
repeats (Ecoss, 2015). Some species involved in the conversion of soil to atmospheric carbon are
Bacteroides succinogenes, Clostridium butyricum, and Syntrophomonas spp. (Abatenh et al., 2018).
Additionally, when plants and animals die, soil microorganisms recycle the nutrients from the dead matter
back into the environment so it can be reused by other species in the form of DNA, RNA, and amino acid
construction (Yadav et al., 2021). Soil bacteria play a key role in nutrient cycling, but these roles are likely
disrupted by wildfire events. The risk to nutrient cycling microbes by forest wildfires is corroborated by
the Mittal and colleagues (2019), whose research suggests that forest wildfires reduce the population of

nutrient cycling bacteria.

2.1.3 Post-Wildfire Microbe Recovery

Various studies have examined the effects of wildfires on microorganisms. Barcenas-Moreno and
Baath (2009) designed experimental fires heating Mediterranean pine forest soil to observe microbe
recovery. They found that bacteria growth was inhibited at first with temperatures above 50°C, but the
communities recovered days after the wildfire to levels above the control. Above 200°C, growth was
completely inhibited immediately post-fire, but these samples eventually displayed the most bacteria
growth. Samples heated above 500°C had low growth with no change due to the destruction of the organic

matter in the soil (Barcenas-Moreno & Baath, 2009). Another study found that in both low and moderate-
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intensity prescribed wildfires, changes in microorganisms were short-lasting and moderate (Certini et al.,

2021).

Acea and Carballas (1996) studied microbial responses one month and one year after an Atlantic
European forest wildfire of unstated intensity. They found that there were high numbers of ammonium-
producing microbes but found low amounts of nitrite and nitrate producers in the control and burned
samples. One month after the wildfire, ammonifying microbes increased while there was no change for
nitrifying groups. One year after the wildfire, the positive of effects of the wildfire had mostly disappeared

for the ammonifiers and no change was noted for the nitrifiers (Acea & Carballas, 1996).

2.1.4 Wildfire-Induced Impacts to Soil Microbiome Structures

Previous studies have shown that bacteria taxa have varying responses to wildfire intensity and
community recovery post-fire is not static. Bacteria after a moderate-intensity wildfire were found to
change their community structure monthly throughout their recovery period during a 15-month study (Y.

Xu et al., 2012).

Phyla that have been observed to increase post-fire are Actinobacteria, Proteobacteria,
Eremiobacterota, and Dormibacterota (Nelson et al., 2021). Within Actinobacteria the families
Streptosporangiaceae, Solirubrobacteraceae, Frankiaceae, and Streptomycetaceae increase post-fire
(Nelson et al.,, 2021) and Actinobacteria genera Arthrobacter, Modestobacter, Blastococcus, and
Actinomadura have also shown increases (Nelson et al., 2021). Additionally, the genera Massilia, part of
the Oxalobacteraceae family, increases post-fire (Whitman et al., 2019). After a pine forest wildfire, gram-
positive bacteria were the dominant bacteria type (Mittal et al., 2019). While 99% of the deaths of nitrate
oxidizers occur between 80°C and 90°C, depending on the soil moisture content, nitrate oxidizing bacteria

(e.g. Nitrobacter spp.) have been found to increase post-wildfire (Hart et al., 2005). Whitman and
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colleagues (2019) identified significant wildfire responding genera (i.e., Massilia spp. and Arthrobacter
spp.) by utilizing high-throughput amplicon sequencing and determined that wildfire occurrence, soil
moisture, floral community, soil pH and texture, and total carbon all significantly predict microbial
community composition in the soil. Additionally, as burn severity increases, the microbial soil community

composition increasingly changes (Whitman et al., 2019).

Phyla that decrease with wildfire intensity are Bacteroidetes and Acidobacteria (Adkins et al.,
2020), and the phyla Chlamydiae and Elusimicrobia dramatically decrease post-fire (Nelson et al., 2021).
Gram-negative genera were reduced after a pine forest wildfire (i.e., Pseudomonas, Serratia,

Enterobacter, Burkholderia, Klebsiella, and Pantoea) (Mittal et al., 2019).

Kranz and Whitman (2019) identified the major phyla (i.e., Actinobacteria, Proteobacteria,
Acidobacteria, Planctomycetes, and Verrucomicrobia) in both visually burned and unburned soils after a
low intensity wildfire through high-throughput amplicon sequencing but determined that there was no
significant change in phyla distribution between burned and unburned soils. Furthermore, they suggest
that the community shifts seen were likely from plant changes rather than heat or soil property effects

(Kranz & Whitman, 2019).

Bacteria are likely to have varying responses to wildfires because wildfires can affect soil nutrients
in different ways. As organic carbon is destroyed at higher temperatures (i.e., almost completely
combusted at 460°C) (Knicker, 2007) and released as carbon dioxide (Barcenas-Moreno & Baath, 2009; Di
Carlo et al., 2015), high intensity wildfires would likely have negative effects on heterotrophic bacteria
that depend on soil organic matter. Nitrogen suffers a similar fate as it begins to volatilize at 200°C and
above 500°C half of soil nitrogen is vaporized (Knicker, 2007). Low intensity wildfires can transform organic

nitrogen into ammonium and nitrate (Knicker, 2007), however, which would benefit bacteria that utilize
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these nutrients. Phosphorus is more temperature resistant, combusting at 760°C and sulfur combusts at
800°C into sulfur dioxide (King et al., 2013; Knicker, 2007), so it is likely that high intensity wildfires would
result in the highest losses of phosphorus and sulfur. Burning can also convert organic phosphorus to

orthophosphate, which is the form used by plants (Knicker, 2007).

2.1.5 Microbial Response to Wildfires Across Soil Depth

Wildfire effects on microorganisms are highest in the top layer of surface soil (Hart et al., 2005),
although wildfires can affect soil physiochemical properties to a 15 cm depth in the soil (Terzano et al.,
2021). Qin and Liu (2021) analyzed impacts from a severe (i.e., destructive) wildfire on soil depths ranging
from 0-20 cm during a rainy season in a north China Pinus tabulaeformis forest and determined that most
significant effects on microbes occurred in the first five centimeters of soil. Their results showed that soil
pH was the driver in microbial diversity between unburned and burned samples, while organic matter and
available potassium determined microbial diversity with depth and time since the wildfire (Qin & Liu,

2021).

Thus, the first research objective for this thesis was to assess soil microbiome structures following
wildfire events and evaluate the association of wildfire events on the distribution of nutrient-cycling
bacteria. Due to the negative impacts associated with high-intensity wildfire events, | hypothesized that

nutrient cycling bacteria will be most negatively affected by high intensity wildfires.

2.2 Materials and Methods

Wildfire severity measures the impacts and damages of fires on ecosystems, while wildfire
intensity refers to the heat transfer at the front of the wildfire (Frangieh et al., 2020; Keeley, 2008;
Robichaud et al., 2000; Sousa, 1984). For this study, measurements of intensity were used to examine

fire impacts on soils. Wildfire severity measurements were collected using Sentinel-2 satellite data,
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while intensity readings were collected using both Moderate Resolution Imaging Spectroradiometer
(MODIS) and fire radiative power data by the U.S. Forest Service. Wildfire intensity soil samples were
taken from area affected by the Woolsey Fire in the Santa Monica Mountains National Recreation Area
in California. The Woolsey Fire began on November 8, 2018 and by the time it was contained on January
4, 2019 it had burned 94,946 acres (Woolsey Fire, 2021). The area has a Mediterranean ecosystem,
characterized by mild winters with precipitation and warm summers with little precipitation (Mulholl et
al., 2015a). The geology of the site is varied, containing volcanic and ocean sediments, canyons, and

mountainous terrain (Mulholl et al., 2015b).

Soils were collected approximately one year after the Woolsey Fire (Figure 2) in January 2020
from areas exposed to high intensity wildfire (i.e., sites Corral Canyon (H8) and Kanan Dume (H9)),
moderate intensity wildfire (i.e., sites Arroyo Sequit (M4), Corral Canyon (M5), Kanan Dume (M6), and
Paramount Ranch (M7)), and low intensity wildfire (i.e., sites Cheeseboro Canyon (L2) and Laskey Mesa
(L3)). The area experienced multiple rain events before samples were collected with 26-31 inches of rain
reported from weather stations in the area in the year after burning (Climate Data Online, 2021). Control
soils with no exposure to wildfire were collected from Encinal Canyon Road (Cla), Saddle Peak (Cl1b), and
Calabasas Peak (Clc). Intensity readings were calculated using Moderate Resolution Imaging
Spectroradiometer (MODIS) and fire radiative power data, collected from spectral band readings from the
Sentinel-2 satellites by the U.S. Forest Service. At each location, soils were sampled in triplicate using a
soil corer of approximately 1 in. diameter. Soils were then separated based on the following depths: 0in.
to 3 in. (topsoils) and 3 in. to 6 in. (bottom soils). Sampling materials were sterilized with 70% ethanol in
between samples to prevent cross-contamination of soil microbes. Samples were shipped overnight on

dry ice to Washington State University. Once received at the Gardner lab, soils were homogenized and
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stored at -80°C, a common temperature for the storage of biological wildfire-affected soil samples

(Maquia et al., 2021; Nelson et al., 2021), until DNA could be extracted.
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Figure 2. Map of sampling locations taken at the Woolsey wildfire in the Santa Monica Mountains
National Recreation Area, California. Labels: C = control sample (i.e., no fire exposure), L = low intensity
sample, M = moderate intensity sample, H = high intensity sample. Control — Cla: Encinal Canyon Road;

C1b: Saddle Peak; C1c: Calabasas Peak. Low intensity — L2: Cheeseboro Canyon; L3: Laskey Mesa.
Moderate intensity — M4: Arroyo Sequit; M5: Corral Canyon; M6: Kanan Dume; M7: Paramount Ranch;
High intensity — H8: Corral Canyon; H9: Kanan Dume. The red border shows burn area, the green border
shows the perimeter of the Santa Monica Mountains Natural Recreation Area, and the green area with

red diamonds shows areas closed due to fire damage.

For Kincade, Tubbs, Williams Flats, Northstar, and Hayes wildfire sites, soil samples were collected
immediately following wildfires. Intensity and severity measurements were determined as described for

the Woolsey wildfire. The Kincade wildfire burned from October 23™, 2019 to November 6%, 2019
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northeast of Geyserville, CA, burning 77,758 acres (Kincade Fire, 2020). Six samples of unknown burn
intensity were collected from the Kincade Fire: three topsoil and three bottom soil. After sampling, the
soil samples were stored at -20°C until they were brought to WSU and kept for long-term storage at -80°C.
The Tubbs wildfire burned from October 8™ 2017 to February 9, 2018 off of Highway 128 and Bennett
Lane, CA, burning 36,807 acres (Tubbs Fire, 2019). Six high intensity burn samples were collected from the
Tubbs Fire: three topsoil and three bottom soil. After sampling, the soil samples were stored at -20°C until
they were brought to WSU and kept for long-term storage at -80°C. The Williams Flats wildfire burned
from August 2™, 2019 to August 25%, 2019, five miles southeast of Keller, WA, burning 44,446 acres
(Williams Flats Fire, 2019). Fourteen samples were collected from the Williams Flats Fire in a high-burn
intensity area as defined by Parson et al. (2010): three ash samples and 11 soil core samples, with depths
ranging from 15 to 220 cm below ground. After sampling, the soil and ash samples were stored at -20°C
until they were brought to WSU and kept for long-term storage at -80°C. The Mesa wildfire started on July
26, 2018, 23.8 miles southwest of McCall, ID, and burned 34,719 acres. Five high intensity burn samples
were collected from the Mesa Fire: three ash samples and two soil samples, one with a 15 cm depth and
the other with a 50 cm depth. Ash is a layer of mineral and organic matter deposited on top of soil after
the combustion of organic matter (Bodi et al., 2014). Black ash suggests lower combustion completeness
of vegetation, while white ash suggests higher combustion completeness (Bodi et al., 2014). The ash
samples collected for the Williams Flats and Mesa fires were white, indicating higher combustion
completeness. After sampling, the soil and ash samples were stored at -20°C until they were brought to

WSU and kept for long-term storage at -80°C.

The Northstar fire burned from August 13, 2015 to October 9%, 2015 in the Colville Reservation,
WA, burning 28,000 acres (Bureau of Indian Affairs, 2016). The Hayes Fire began on July 21*, 2016 and

burned over 1,500 acres (Peninsula Daily News, 2016). One topsoil sample was taken from the both the
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Northstar and Hayes wildfires. For each location, soils were again sampled using a soil corer of
approximately 1 in. diameter. White ash samples collected from depositions above the surface soail,
indicating higher combustion completeness (Bodi et al., 2014), were collected within two weeks using
sterilized shovels following the suppression of active wildfire. After sampling, the soil samples were stored
at -20°C until they were brought to WSU and kept for long-term storage at -80°C. No rainfall occurred
between fires and sample collection. Following collection, all samples were immediately transported to
the Gardner lab at Washington State University and stored at -80°C until DNA could be extracted. Full
sample information is shown in Appendix One. Site maps for the Kincade, Tubbs, Williams Flats, and Mesa

wildfires are shown in Figure 3.
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Figure 3. Burn areas for the Kincade (K), Tubbs (T) wildfires north of Santa Rosa, California, Williams Flats
(F) wildfire northwest of Fort Spokane, Washington, and Mesa (M) wildfire west of Lake Cascade, Idaho.
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Highlighted areas for each fire show burn area, with the Kincade fire area represented in orange and the
Tubbs fire area represented in red, with the overlap between the two fires in dark orange.

DNA was extracted from 114 samples using the DNeasy Powerlyzer PowerSoil® Kit by QIAGEN.
Approximately 0.25 grams of the soil or ash samples was used in each isolation. Each isolation followed
the procedure outlined in the DNeasy PowerlLyzer PowerSoil® Handbook, with some changes. First, the
initial vortexing time of the PowerBead tube was increased from 10 to 20 minutes to increase DNA vyields.
Second, the final elution of the MB Spin Column membrane was done using 30 pL of solution C6 rather
than the recommended 100 pL to avoid diluting eluted DNA. Resulting DNA concentrations were then
analyzed using the Qubit 4.0 Fluorometer from Thermo Fisher Scientific. Extracted DNA was stored at

-20°C for downstream analysis.

llumina MiSeq 16S Metagenomic Sequencing was performed on 112 soil and ash samples
gathered from wildfire events. Two samples out of the total 114, the 180-200 cm and 200-220 cm soil
core samples from Williams Flats, were omitted due to lack of high-quality DNA. The process performed
followed the 16S Metagenomic Sequencing Library Preparation guide. The DNA samples were normalized
to 5 ng/uL and polymerase chain reaction (PCR) was performed to amplify the third and fourth regions of
16S rRNA gene using specific primers (805R: 5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTA
CNVGGGTATCTAATCC-3‘; 341F:5-“TCGTCGGCAGCGTCAGATGTCTATAAGAGACAGCCTACGGGNBGCAS
CAG-3‘). The Amplicon PCR steps used were: 1) denaturation at 95°C for three minutes, 2) 25 cycles of
denaturation at 95°C for 30 seconds, primer annealing at 55°C for 30 seconds, and extension at 72°C for
30 seconds, 3) final extension at 72°C for five minutes, 4) hold at 4°C. The amplicon then was brought up
to room temperature and amplicon cleanup was performed using AMPure XP beads and fresh 80%
ethanol to remove primers and primer dimer species. After cleanup, the amplicon was resuspended in 10
mM Tris pH 8.5. Index PCR was then performed to attach dual indices onto the ends of the amplified 165

genes to associate each gene with the sample it originated from. The Index PCR was performed using
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Nextera XT chemistry. Index PCR steps included: 1) Initial denaturation at 95°C for three minutes, 2) eight
cycles of denaturation at 95°C for 30 seconds, primer annealing at 55°C for 30 seconds, and extension at
72°C for 30 seconds, 3) final extension at 72°C for five minutes, and 4) hold at 4°C. The final step was to
clean the Index PCR amplicon by once again using AMPure XP beads and fresh 80% ethanol to remove
excess primers and primer dimers from the indexed 16S amplicon before resuspending the amplicon in
10 mM Tris pH 8.5. The index amplicon DNA concentration was then analyzed using the Qubit 4
Fluorometer and the samples were normalized to 30 nM and pooled together in a microfuge tube to
create the 16S DNA library. The final library was then sent to the Northwest Genomics Center at the
University of Washington for sequencing. After sequencing, the demultiplexed raw data was trimmed,
filtered, and bacteria taxa were assigned from the 2013 Green Genes database using the 16S
Metagenomics application in the lllumina BaseSpace program. The final data was imported into GraphPad
Prism and IBM SPSS Statistics 26 for analyses.

Stacked bar graphs were made to visualize the distribution of taxa in Woolsey, Williams Flats, and
other wildfire samples. To create the stacked bar graphs, the number of operational taxonomic units
(OTUs) in any replicate samples for wildfire events were averaged together. The fraction of total analysis
in GraphPad Prism was then used to obtain the average relative abundance values for both replicate and
single samples. Stacked bar graphs were made for the top 30 most abundant taxa for families and top 63

more abundant taxa for genera.

The fraction of total analysis was also run on all non-averaged OTU values for the same wildfire
samples to determine average relative abundance. The most abundant 30 families and 63 genera were
then used for the following analytical tests. A non-parametric Spearman correlation in GraphPad prism
was run on the average relative abundance values for the Woolsey fire samples to determine whether

average relative abundance was correlated with wildfire intensity. A Jonckheere-Terpstra (JT) non-
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parametric test was then run on the same samples using IBM SPSS Statistics 26 to verify the results of the
Spearman correlation and to run post-hoc pairwise comparisons to determine significant differences in
average relative abundance between fire intensities. The JT test has been used previously for sequencing
analysis (Cordero et al., 2021; Wijetunga et al., 2016) and the JT test was chosen as opposed to a Kruskal-
Wallis Test because the fire intensities are ordered and the JT test is designed for ordered independent
variables while the Kruskal-Wallis Test is not (Bewick et al., 2004). Tukey box and whisker plots were then
made for the Woolsey raw average relative abundance values using GraphPad Prism to visualize the

distributions of taxa significantly associated with wildfire intensity.

Spearman correlations were also run on the soil depth samples from the Williams Flats wildfire to
determine the association between taxa and soil depth in wildfire affected soils. Any significant taxa were
then compared to significant taxa from the Woolsey intensity samples to identify any trends between fire
intensity and taxa depth in the soil. A Kruskal-Wallis non-parametric test was then run on the moderate
intensity Woolsey wildfire samples to determine whether sample physical location was a determining

factor in community composition.

2.3 lllumina MiSeq Sequencing Results
2.3.1 Woolsey Fire: Wildfire Intensity Taxa Distribution

Vertically homogenized Woolsey wildfire samples were excluded from statistical analysis so that
the distribution of soil taxa would be clearly defined across top and bottom soil boundaries. The samples

are included in the appendices and were used for antibiotic resistance gene testing in Chapter Three.

Soil microbial communities were diverse across all Woolsey samples (Figure 4). Control soils
without exposure to wildfires were largely dominated by Chthoniobacteraceae (average relative

abundance = 5.48% * 1.47%), Bacillaceae (average relative abundance = 4.32% + 1.99%), and
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Conexibacteraceae (average relative abundance = 5.59% + 0.63%) families. Soils exposed to low intensity
wildfire were largely dominated by Conexibacteraceae (average relative abundance = 4.46% + 0.87%),
Nocardioidaceae (average relative abundance = 5.26% + 0.93%), and Rubrobacteraceae (average relative
abundance = 4.75% + 1.20%). Soils exposed to moderate intensity wildfire were largely dominated by
Chthoniobacteraceae (average relative abundance = 7.44% * 4.20%), Micrococcacea (average relative
abundance = 3.93% + 2.37%), and Conexibacteraceae (average relative abundance = 3.75% + 1.46%). Soils
exposed to high intensity wildfire were largely dominated by Micrococcaceae (average relative abundance
=6.37% + 5.54%), Bacillaceae (average relative abundance = 5.13% + %), and Oxalobacteraceae (average
relative abundance = 5.32% + 4.02%). The most abundant families for all categories (i.e., control, low,
moderate, and high) averaged together are Chthoniobacteraceae (average relative abundance = 5.43% +
3.84%), Micrococcaceae (average relative abundance = 3.73% + 3.34%), and Conexibacteraceae (average

relative abundance = 4.10% + 1.34%).
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Figure 4. Sequencing data for family taxa for wildfire intensity. Sample names: C = control, L = low
intensity, M = moderate intensity, H = high intensity. Sample numbers correspond to the map in Figure 2.
Soil sample type is denoted by “T” (topsoil, 0-3 in) or “B” (bottom soil, 5-10 in).

Rubrobacteraceae is most abundant in control soils (3.25% + 0.84%) and low intensity soils (4.42%
+ 2.07%) and least abundant in high intensity soils (0.01% + 0.02%). This suggests that Rubrobacteraceae
may benefit from low-intensity fires and may be negatively associated with fire intensity overall.
Solirubrobacteraceae is most abundant in control soils (3.05% + 0.87%) and least abundant in high
intensity soils (0.70% + 0.31%), suggesting that Solirubrobacteraceae is negatively associated with fire
intensity. Micrococcaceae is least abundant in control soils (0.86% * 0.53%) and most abundant in high
intensity soils (6.09% + 5.58%), suggesting that Micrococcaceae may increase in relative abundance with
higher fire intensities. Chthoniobacteraceae is least abundant in low intensity soils (2.32% + 0.75%) and
most abundant in moderate intensity soils (7.58% + 6.45%), suggesting that Chthoniobacteraceae may be

most benefitted by moderate intensity fires. While the relative abundance of Comamonadaceae

31



decreases at high intensities, a comparison of medians shows the average relative abundances at different
intensities to be similar from the control soils (1.75% + 0.29%) to high intensity soils (1.85% + 1.09%),

suggesting that the abundance of Comamonadaceae may not be associated with wildfire intensity.

For bacterial families that increase in abundance with increasing fire intensity (e.g.,
Micrococcaceae), it is possible that species within them are more suited to survive wildfire events and can
fill the gap left behind by species negatively affected by fire. For those families that are negatively
associated with fire intensity (e.g., Rubrobacteraceae, Solirubrobacteraceae), it could be that the fire is
killing off fragile species within those families or the nutrients that the bacteria rely on are being reduced

by wildfire.

Figure 5 shows the sequencing data at the genus level for the top 63 most-populous results for

wildfire intensity.
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Figure 5. Sequencing data for genera taxa for wildfire intensity. Sample names: C = control, L = low

intensity, M = moderate intensity, H = high intensity. Sample numbers correspond to the map in Figure 2.
Soil sample type is denoted by “T” (topsoil, 0-3 in) or “B” (bottom soil, 5-10 in).

In Figure 5, the top six most abundant genera for each intensity category are as follows. Control
soils without exposure to wildfires were largely dominated by Chthoniobacter (5.69% * 1.55%), Bacillus

(average relative abundance = 4.26% * 2.16%), Conexibacter (average relative abundance = 5.93% +
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0.67%), Gemmatimonas (average relative abundance = 2.95% * 0.26%), Solirubrobacter (average relative
abundance = 3.29% * 0.49%), and Rubrobacter (average relative abundance = 3.50% + 0.15%). Soils
exposed to low intensity wildfire were largely dominated by Chthoniobacter (average relative abundance
= 2.40% * 0.83%), Conexibacter (average relative abundance = 4.78% * 0.97%), Kaistobacter (average
relative abundance = 2.40% + 0.85%), Nocardioides (average relative abundance = 2.86% + 0.80%),
Solirubrobacter (average relative abundance = 2.78% * 1.23%), and Rubrobacter (average relative
abundance = 5.08% + 1.32%). Soils exposed to moderate intensity wildfire were largely dominated by
Chthoniobacter (average relative abundance = 7.68% + 4.36%), Arthrobacter (average relative abundance
=4.01% + 2.41%), Bacillus (average relative abundance = 2.56% + 1.49%), Conexibacter (average relative
abundance = 3.98% * 1.55%), Kaistobacter (average relative abundance = 2.02% + 0.53%), and
Rhodoplanes (average relative abundance = 2.05% + 0.66%). Soils exposed to high intensity wildfire were
largely dominated by Chthoniobacter (average relative abundance = 4.62% + 4.09%), Arthrobacter
(average relative abundance = 6.46% * 5.66%), Bacillus (average relative abundance = 5.01% * 2.43%),
Conexibacter (average relative abundance = 3.85% + 1.53%), Gemmatimonas (average relative abundance
= 2.86% + 1.92%), and Pedobacter (average relative abundance = 3.36%  1.60%). The most abundant
genera for all categories (i.e., control, low, moderate, and high) averaged together are Chthoniobacter
(average relative abundance = 5.60% + 3.96%), Arthrobacter (average relative abundance = 3.77% +
3.42%), Bacillus (average relative abundance = 3.24% + 1.99%), Conexibacter (average relative abundance
= 4.34% + 1.43%), Kaistobacter (average relative abundance = 1.91% * 0.85%), and Gemmatimonas

(average relative abundance = 2.21% + 1.15%).

From visual observation, Arthrobacter is least abundant in control soils (0.84% + 0.51%) and is
most abundant in high intensity soils (6.18% * 5.68%), suggesting that Arthrobacter abundance is

positively associated with wildfire intensity. Chthoniobacter is least abundant at low intensity soils (2.41%
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1 0.75%) and high intensity soils (4.34% + 3.79%) but more abundant than the control soils (5.66% + 1.20%)
in moderate intensity soils (7.81% + 4.83%), suggesting that Chthoniobacter is most prevalent following
moderate intensity wildfires. Rubrobacter is most abundant in control soils (3.45% + 0.90%) and low
intensity soils (4.73% + 2.25%) and least abundant in high intensity soils (0.02% + 0.02%). Euzebya is most
abundant in control soils (0.67% + 0.25%) and low intensity soils (1.14% + 0.99%) and least abundant in
high intensity soils (0.11% + 0.13%). Solirubrobacter is most abundant in control soils (3.24% + 0.93%) and
least abundant in high intensity soils (0.72% + 0.33%). Rhodoplanes is most abundant in control soils
(2.13% + 0.42%) and least abundant in low intensity soils (1.32% * 0.36%) and high intensity soils (1.37%
t 0.75%). The data suggest that the abundance of Rubrobacter, Euzebya, Solirubrobacter, and
Rhodoplanes is negatively associated with wildfire intensity. Similar to trends observed among family-
level taxa, the genera that are positively associated with wildfire are likely to have increased survivability
after wildfire events and can reproduce quickly after competition from other bacteria decreases,

potentially due to bacterial death or decreases in available nutrients.

2.3.2 Influence of Wildfire Intensity on Soil Bacteria

Spearman correlations were used to detect significant positive or negative correlations between
wildfire intensity and bacteria taxa in Woolsey samples (n = 54) at both the family and genus taxonomic
level. Only samples from the Woolsey wildfire were included so all samples would be from the same fire
to obtain accurate results. Soil samples include controls with no fire exposure (n = 6) and soils exposed to

low (n = 12), moderate (n = 24), and high (n = 12) fire intensities.

A non-parametric JT test was then run on the same Woolsey wildfire samples for both family from
Figure 4 and genera from Figure 5 to determine the difference between each wildfire intensity group and

the control samples. Table 1 shows the Spearman correlation values and JT test values at the family and
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genus level. For ease of interpretation, only taxa with significant and robust correlations (p < .05 and |rs|>

0.4) are included in the table.

Table 1. Spearman correlation values and Jonckheere-Terpstra test values for control, low, moderate,
and high intensity Woolsey wildfire samples. Statistical significance is assigned for p < 0.05.

Spearman Jonckheere-Terpstra
Family p " P Standard‘ize‘d Test
Statistic

Chromatiaceae <0.0001 | -0.704 | <0.0001 -5.363
Micrococcaceae 0.0021 0.410 0.002 3.158
Nocardioidaceae 0.0003 | -0.470 0.001 -3.253
Pseudonocardiaceae <0.0001 | 0.557 | <0.0001 4.205
Rubrobacteraceae <0.0001 | -0.899 | <0.0001 -7.14
Solirubrobacteraceae <0.0001 | -0.651 | <0.0001 -4.776
Sphingobacteriaceae <0.0001 | 0.513 | <0.0001 3.84

Thermoanaerobacteraceae | <0.0001 | -0.608 | <0.0001 -3.713
Xanthomonadaceae 0.0002 | -0.481 | <0.0001 -3.713

Spearman Jonckheere-Terpstra
Genus p , P Standard'ize'd Test
Statistic

Aeromicrobium <0.0001 | -0.612 | <0.0001 -4.538
Amycolatopsis <0.0001 | 0.578 | <0.0001 4.395
Arthrobacter 0.0015 0.421 0.001 3.269
Balneimonas <0.0001 | -0.640 | <0.0001 -4.617
Candidatus Scalindua <0.0001 | -0.615 | <0.0001 -4.57
Chondromyces <0.0001 | -0.613 | <0.0001 -4.57
Clostridium <0.0001 | -0.763 | <0.0001 -5.871
Cystobacter <0.0001 | -0.692 | <0.0001 -5.284
Desulfovibrio 0.0004 -0.461 0.001 -3.221
Dokdonella <0.0001 | -0.503 | <0.0001 -4.189
Euzebya <0.0001 | -0.672 | <0.0001 -5.062
Gemmata <0.0001 | -0.668 | <0.0001 -5.141
Haliangium 0.0003 -0.477 0.001 -3.269
Kaistobacter <0.0001 | -0.540 | <0.0001 -4.062
Megasphaera <0.0001 | -0.579 | <0.0001 -4.284
Nocardioides <0.0001 | -0.590 | <0.0001 -4.284
Oxalobacter <0.0001 | 0.540 | <0.0001 4.205
Pedobacter <0.0001 | 0.513 | <0.0001 3.824
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Phenylobacterium <0.0001 | 0.533 | <0.0001 3.84
Pseudonocardia <0.0001 | 0.555 | <0.0001 4.11
Rubrobacter <0.0001 | -0.896 | <0.0001 -7.124
Runella <0.0001 | -0.556 | <0.0001 -3.951
Solirubrobacter <0.0001 | -0.653 | <0.0001 -4.808

There were no differences in significant taxa identified by the Spearman or JT tests. In Table 2, an
r value or standardized test statistic greater than zero indicates that the taxa are positively associated
with wildfire intensity (i.e., increase in relative abundance as wildfire intensity increases). This increase
may be due to decreases in competition from taxa damaged by wildfires or increases in nutrient
availability due to the wildfire. The relative abundance of the following families was positively associated
with wildfire intensity: Micrococcaceae (r = 0.410), Pseudonocardiaceae (r = 0.557), and
Sphingobacteriaceae (r = 0.513). The abundance of the following genera was also positively associated
with wildfire intensity: Amycolatopsis (r = 0.578), Arthrobacter (r = 0.421), Oxalobacter (r = 0.540),
Pedobacter (r=0.513), Phenylobacterium (r =0.533), and Pseudonocardia (r = 0.555). If these taxa include
nutrient cycling microorganisms, then an increase in average relative abundance from high intensity
wildfires could result in greater recovery of nutrients that are destroyed in high intensity fires and likely a

more rapid recovery of the ecosystem following the wildfire.

In contrast, an r value or standardized test statistic less than zero indicates that the abundance of
the taxa are negatively associated with wildfire intensity (i.e., decrease in relative abundance as wildfire
intensity increases). This could be because these taxa are sensitive to fire conditions or live near the
surface where temperatures are unbearable during wildfires, or that the nutrients they depend on
decrease post-fire. The abundances of the following families were negatively associated with wildfire
intensity: Chromatiaceae (r = -0.704), Nocardioidaceae (r = -0.470), Rubrobacteraceae (r = -0.899),

Solirubrobacteraceae (r = -0.651), Thermoanaerobacteraceae (r = -0.608), and Xanthomonadaceae (r = -
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0.481). Additionally, the abundances of the following genera were negatively associated with wildfire
intensity: Aeromicrobium (r = -0.612), Balneimonas (r = -0.640), Candidatus Scalindua (r = -0.615),
Chondromyces (r = -0.613), Clostridium (r = -0.763), Cystobacter (r = -0.692), Desulfovibrio (r = -0.461),
Dokdonella (r = -0.503), Euzebya (r = -0.672), Gemmata (r = -0.668), Haliangium (r = -0.477), Kaistobacter
(r = -0.540), Megasphaera (r = -0.579), Nocardioides (r = -0.590), Rubrobacter (r = -0.896), Runella (r = -
0.556), and Solirubrobacter (r = -0.653). Nutrient recovery in the soil post-fire could be slowed if nutrient
cycling taxa decrease in relative abundance and a lack of soil nutrients would likely slow down ecosystem

recovery.

Post-hoc pairwise comparison tests were performed on significant JT results. These post-hoc tests
allow for comparisons of the effects of individual intensities on average relative abundance. This approach
allows for the identification of potential optimal intensities (i.e., taxa which thrive in low or moderate
intensities) or non-linear associations between intensity and abundance. Results of the pairwise

comparisons are shown in Table 2.

Table 2. Pairwise comparisons for medians of a Jonckheere-Terpstra test comparing wildfire intensities. O
=control, 1 = low intensity, 2 = moderate intensity, 3 = high intensity. Significance is defined as p < 0.05.

Pairwise Comparison (p-value, Standardized Test Statistic)
Family 0-1 0-2 0-3 1-2 1-3 2-3

0.000, | 0.004,- | 0.000, 0.000,
-3.372 2.685 -4.157 -4.497
, 0.010, 0.004, 0.004,
Micrococcaceae 2341 2. 644 2622 NS NS NS

0.006, 0.017, 0.046, 0.000, 0.000,

Chromatiaceae NS NS

Nocardioidaceae 25529 | -2.126 | -1.686 | -3.893 | -3.291 NS
. 0.001, 0.000, | 0.000,
Pseudonocardiaceae NS NS 2.997 NS 3.695 3.993
Pubrobacteracene 0.131, | 0.000, | 0.000, | 0.000, | 0.000, | 0.000,
1.124 | -3.681 | -3.372 | -4.698 | -4.157 | -4.799
. 0.002, | 0.000, | 0.006, | 0.000, | 0.032,
solirubrobacteraceae NS 2903 | -3.372 | -2.517 | -3.984 | -1.846
. . 0.001, 0.001, | 0.000,
Sphingobacteriaceae NS NS 3.091 NS 3.060 3.691
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0.007, | 0.046, | 0.000, | 0.008,
Thermoanaerobacteraceae NS 2.437 1.686 -3.490 2.425 NS
0.007, | 046, | 0.000, | 0.008,
Xanthomonadaceae NS 2437 | -1.686 | -3.490 | -2.425 NS
Pairwise Comparison (p, Standardized Test Statistic)
Genus 0-1 0-2 0-3 1-2 13 2-3
eromicrobium 0.038, NS 0.003, | 0.000, | 0.000, | 0.004,
1.780 2.716 | -3.423 | -3.868 | -2.618
. 0.002, | 0.047, | 0.000, | 0.000,
Amycolatopsis NS NS 2.903 | 1.678 | 3.522 | 3.624
0.007, | 0.003, | 0.004,
Arthrobacter 2435 2.800 2622 NS NS NS
. 0.001, | 0.001, | 0.000, | 0.000,
Balneimonas NS 3.059 | -3.278 | -3.758 | -3.637 NS
. . 0.001, | 0.040, | 0.000, | 0.000,
Candidatus Scalindua NS NS 3.278 1,745 -4.041 -4.262
0.044, | 0.000, 0.000, | 0.000,
Chondromyces NS -1.711 | -3.372 NS 3.753 | -3.960
Clostridium 0.025, | 0.031, | 0.000, | 0.000, | 0.000, | 0.000,
1.967 | -1.867 | -3.372 | -3.591 | -4.157 | -4.698
0.000, | 0.003, | 0.000, | 0.000,
Cystobacter NS NS 3372 | -2.718 | -4.157 | -4.597
o 0.002, 0.000, | 0.001,
Desulfovibrio NS NS 2.903 NS 3.637 3.154
0.000, 0.000, | 0.047,
Dokdonella NS 3.526 NS -4.463 1.674 NS
Furebua NS 0.011, | 0.001, | 0.007, | 0.000, | 0.000,
y 2281 | -3.278 | -2.483 | -3.811 | -3.490
Commata 0.016, | 0.002, | 0.000, NS 0.000, | 0.000,
2.154 | -2.852 | -3.372 -3.753 | -4.396
ey 0.000, 0.000, | 0.000,
Haliangium NS NS 3.372 NS 3.522 3.893
. 0.015, | 0.001, 0.002, | 0.002,
Kaistobacter NS 22.178 | -3.001 NS 2.944 | -2.886
Veaosohaera 0.016, NS 0.002, | 0.007, | 0.000, | 0.000,
gasp 2.154 2.903 | -2.483 | -4.157 | -4.027
N 0.038, | 0.011, | 0.004, | 0.000, | 0.000,
Nocardioides 1.780 | -2.281 | -2.622 | -3.591 | -3.580 NS
Oxalobacter 0.046, | 0.002, | 0.004, | 0.040, | 0.005 | 0.013,
1.686 | 2.903 | 2.622 | 1.745 | 2.598 | 2.215
0.001, 0.001, | 0.000,
Pedobacter NS NS 3.091 NS 3.060 3.691
. 0.000, 0.000, | 0.000,
Phenylobacterium NS NS 3.372 NS 4.157 4.060
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0.001, NS 0.000, 0.000,
3.278 3.868 4.363
0.000, 0.000, 0.000, 0.000, 0.000,

Pseudonocardia NS NS

Rubrobacter NS 3.629 | -3.372 | -4.698 | -4.157 | -4.799

0.000, 0.000, | 0.001,
Runella NS NS 3.372 NS -4.157 | -3.188
solirubrobacter N 0.002, | 0.000, | 0.006, | 0.000, | 0.028

-2.903 -3.372 -2.517 -3.984 | -1.913

In Table 2, the sign of the standardized test statistic shows whether there is an increase or
decrease in relative abundance from one group to the next. For most samples, the average relative
abundance at high wildfire intensity differs significantly from control abundance, while low and moderate
intensities are not often significantly different from the controls. This difference between high intensity
versus low and moderate intensities suggests that high wildfire intensity results in the greatest change in
average relative abundance of soil bacteria. The “0-1,” “0-2,” and “0-3” columns of Table 2 offer the most
insight, as they indicate whether the control samples differ significantly from other fire intensities. In other
words, if the pairwise comparison is not significant from the control to either the low, moderate, or high

fire intensity, the taxa are likely unaffected by that wildfire intensity.

The abundance of Chromatiaceae, Pseudonocardiaceae, and Sphingobacteriaceae family-level
taxa and Amycolatopsis, Candidatus Scalindua, Cystobacter, Desulfovibrio, Haliangium, Pedobacter,
Phenylobacterium, Pseudonocardia, and Runella genera is only significantly different in the comparison
from the control to high fire intensity. This suggests that they may not be significantly impacted by low
and moderate intensity wildfires and are likely to be more resilient to wildfire-induced stress. The families
Micrococcaceae, Nocardioidaceae, and Rubrobacteraceae and the genera Arthrobacter, Clostridium,
Gemmata, Nocardioides, and Oxalobacter were significant at low, moderate, and high intensities
compared to the control, suggesting that they are associated with all wildfire intensities. Additionally,

most taxa that have significantly different distributions than the control at low intensities, except for
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Gemmata, have greater abundance following low intensity fire than they do in the control. This positive
association is supported by research showing that low wildfire intensities can be beneficial for microbial

communities (Moya et al., 2021).

Additionally, the “1-2,” “1-3,” and “2-3” columns in Table 2 show the comparison of distributions
between different fire intensities. Micrococcaceae and Arthrobacter have no significant differences
between their distributions in the comparisons between fire intensities but are significant in all three
control versus intensity comparisons, suggesting that the distributions of the two taxa are very similar
once they are exposed to fire. As Arthrobacter belongs to the Micrococcaceae family, this may suggest

that family wildfire trends are driven by the dominant genera in that family.

We identified the taxonomic ranks of the significant families and genera from both the Spearman
and JT tests for bacteria taxa versus wildfire intensity and the significant families were compared to the
families of the significant genera. Overlaps between family and family belonging to genera were
Nocardioidaceae  containing  Nocardioides, Pseudonocardiaceae containing Pseudonocardia,
Solirubrobacteraceae  containing  Solirubrobacter, Rubrobacteraceae containing Rubrobacter,

Xanthomonadaceae containing Dokdonella, and Micrococcaceae containing Arthrobacter.

Figure 6 shows the statistically significant family taxa that decrease with increasing wildfire

intensity.
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Figure 6. Tukey box and whisker plots for statistically significant family taxa that decrease with
increasing wildfire intensity from the Woolsey fire.

In Figure 6, the relative abundance at high intensities of Chromatiaceae (0.26% * 0.10%) and
Rubrobacteraceae (0.01% + 0.02%) are close to 0%, suggesting that both families are negatively affected
at high wildfire intensities. This is also demonstrated in Table 2, where Chromatiaceae’s only significant
pairwise comparison is from the control to high wildfire intensity (std. test statistic = -3.372) and

Rubrobacteraceae is significant at all intensities compared to the control. Solirubrobacteraceae shows a

42



clear downward trend in the Figure 6 plot, decreasing from the control (3.05% * 0.87%) to high intensity
(0.70% + 0.32$), although the pairwise comparison does not show significance when comparing the
control to low fire intensity. Nocardioidaceae increases from control (3.70% + 0.75%) to low intensity
(5.25% * 1.20%) samples and Rubrobacteraceae also increases from control (3.26% + 0.84%) to low

intensity (4.42% + 2.07%) samples. For both taxa this increase is significant in the pairwise comparisons.

Figure 7 shows the statistically significant family taxa that increase with increasing wildfire

intensity.
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Figure 7. Tukey box and whisker plots for statistically significant family taxa that increase with increasing
wildfire intensity from the Woolsey fire.
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In Figure 7, Pseudonocardiaceae has very similar distributions for average relative abundance in
the control (average relative abundance = 1.74% + 0.32%, range = 0.83%), low (average relative
abundance = 1.94% + 0.38%, range = 1.29%), and moderate (average relative abundance = 2.00% + 0.42%,
range = 1.80%) intensities, with an increase in both mean and range at high wildfire intensity (average
relative abundance = 4.11% + 2.29%, range = 8.04%). In the pairwise comparisons in Table 2, this increase
at high intensity is significant. The distributions for Sphingobacteriaceae show a similar trend as
Pseudonocardiaceae, with control abundance values (average relative abundance = 0.86% + 0.39%) being
significantly less than high abundance values (average relative abundance = 3.53% * 1.71%). The trends
for Sphingobacteriaceae and Pseudonocardiaceae suggest that both taxa are benefited by high wildfire
intensities. Micrococcaceae shows a steady increase in distributions from the control (average relative
abundance = 0.86%, range = 1.19%) to high intensity (average relative abundance = 6.09% + 5.58%, range
= 16.56%), and this is reflected in the pairwise comparisons with all comparisons to the control being

significant. This suggests that Micrococcaceae is benefitted by all wildfire intensities.

Figure 8 shows the statistically significant genera taxa that decrease with increasing wildfire

intensity.

44



Average Relative Abundance (%)

Aeromicrobium

25

2.0 .

1.5 [ ]

1.0 é é

15 ar
0.0

T T T T
Control Low Medium High

Clostridium
2.0
15
18
0.5
[ )
0.0 =

Control Low Medium High

Euzebya
4
3
2
=
L )
0
Control Low Medium High
Megasphaera
25
2.0 x)
15
NIt
05
0.0
Control Low Medium High
Solirubrobacter
5

N oW

=

T T T T
Control Low Medium High

Balneimonas Candidatus Scalindua Chondromyces
3 15 3
.
2 1.0 2
°
< =
0 0.0 T T T 1 0 T T T T
Control Low Medium High Control Low Medium High Control Low Medium High
Cystobacter Desulfovibrio Dokdonella
1.5 25 3
.
20
1.0 2
1.5
1.0
0.5 E 1
e
0.0+ T T T T 0.0 T T T T 0- T T T
Control Low Medium High Control Low Medium High Control Low Medium High
Gemmata Haliangium Kaistobacter
20 20 5
. .
15 15 4
3
1.0 1.0
. A T
0.5 05 % @ 1
0.0+ T T T T 0.0+ T T T T 0= T T T T
Control Low Medium High Control Low Medium High Control Low Medium High
Nocardioides Rubrobacter Runella
5 10 3
.
4 ° 8
2
3 6
2 4
1
1 é i T
0 0 0

N T T T T
Control Low Medium High

Control Low Medium High

Intensity

Control Low Medium High

Figure 8. Tukey box and whisker plots of statistically significant genera taxa that decrease with

increasing wildfire intensity from the Woolsey fire.



From Figure 8, the average relative abundance of many taxa decreases at high wildfire intensities,
a trend that is also reflected in Table 2. These genera may rely on nutrients in the topsoil to survive or
may be in higher soil depths that are readily affected by fire. Dokdonella is the only genera that is not
significantly different from the control (average relative abundance = 0.73% + 0.23%) than at high
intensities (average relative abundance = 0.59% + 0.85%). The ranges for Dokdonella are similar at control
(range = 0.59%), low (range = 0.51%), and moderate (range = 0.65%) intensities while the range is much
larger at high intensities (range = 2.78%). This may be because Dokdonella experiences negative effects
from low to moderate intensity fire but in high intensity fire it is less affected than other taxa and thus is

able to take the place of other bacteria in the soil that were more significantly hurt by the fire.

Figure 9 shows the statistically significant genera taxa that increase with increasing wildfire

intensity.
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Figure 9. Tukey box and whisker plots of statistically significant genera taxa that increase with increasing
wildfire intensity from the Woolsey fire.

Eight genera were found to increase with fire intensity in Figure 9, compared to the 17 that
decrease with intensity in Figure 8, suggesting that the abundance of bacteria is generally negatively
associated with increasing fire intensities. The ranges of the relative abundance also generally increase at
high fire intensity, suggesting that high intensity fires can have varying results on relative abundance
based on the geographical location. Amycolatopsis has low abundance values at control (0.32% + 0.14%),
low (0.43% + 0.17%), and moderate (0.44% * 0.26%) intensities and increases in abundance at high
intensity (2.13% + 1.59%). Oxalobacter follows a similar trend at control (0.14% + 0.05%), low (0.25% *
0.16%), moderate (0.47% * 0.35%), and high intensities (2.15% * 1.97%). Pseudonocardia behaves

similarly at control (0.32% * 0.14%), low (0.43% + 0.17%), moderate (0.44% * 0.26%), and high intensities
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(2.13% £ 1.58%). The increase in Amycolatopsis and Pseudonocardia at high intensity is reflected in the
pairwise comparison in Table 2, where these taxa only significantly increase at high intensity when
compared to the control. Oxalobacter increases significantly at all fire intensities when compared to the

control.

2.3.3 Statistical Significance of Physical Location on Soil Bacteria Communities

A Kruskal-Wallis nonparametric test was run on bacteria taxa versus physical location for all
locations with a moderate wildfire intensity for the Woolsey fire. This test compared the distributions of
each location group, and significant taxa were ones that had varying distributions across location. For
family, all top 30 taxa were significant (p < 0.05) except for Oxalobacteraceae, Comamonadaceae,
Pedosphaeraceae, and Leuconostocaceae. For genera, all top 63 genera were significant (p < 0.05) except
for Janthinobacterium, Pedosphaera, Saccharopolyspora, Sphingomonas, Oenococcus, Segetibacter,
Ramlibacter, Oxalobacter, and Haliangium. This suggests that the significant taxa had varying distributions

due to changes in soil properties, since all locations were exposed to moderate intensity fire.

2.3.4 Williams Flats Fire: Soil Depth and Resulting Taxa Distribution
Soil samples from 180-220 cm were excluded from sequencing and statistical tests because the
samples’ DNA concentrations were too low to register during Qubit testing. Figure 10 shows the

sequencing data at the family level for the top 30 most-populous results for soil depth.
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Figure 10. Sequencing data for family taxa for soil depth samples ranging from 15 cm to 180 cm below
ground from the Williams Flats fire. Samples were taken from a high intensity burn area.

In Figure 10, the three most abundant families for the top third (i.e., 15 cm, 20-40 cm, and 50 cm),
the middle third (i.e., 40-60 cm, 80-100 cm, and 100-120 cm), and the bottom third (i.e., 120-140 cm, 140-
160 cm, and 160-180 cm) are as follows. Note that standard deviation is not given as replicates were not
taken for each soil depth sample. For the top third of the soil core, samples were dominated by
Chthoniobacteraceae (average relative abundance = 21.51% + 1.88%), Paenibacillaceae (average relative
abundance = 5.66% + 1.46%), and Caldithrixaceae (average relative abundance = 5.27% + 0.90%). For the
middle third of the soil core, samples were dominated by Chthoniobacteraceae (average relative
abundance = 11.89% + 3.66%), Nocardioidaceae (average relative abundance = 6.83%  0.87%), and
Paenibacillaceae (average relative abundance = 8.58% + 0.60%). For the bottom third of the soil core,

samples were dominated by Chthoniobacteraceae (average relative abundance = 6.65% + 1.58%),
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Nocardioidaceae (average relative abundance = 12.74% + 4.04%), and Pseudonocardiaceae (average
relative abundance = 7.01% + 0.42%). The most abundant families for all soil depths averaged together
are Chthoniobacteraceae (average relative abundance = 13.35% * 6.89%), Nocardioidaceae (average
relative abundance = 7.72% + 4.53%), and Paenibacillaceae (average relative abundance = 6.80% * 1.61%).
Throughout all the soil depths, Chthoniobacteraceae is one of the most abundant taxa, while

Nocardioidaceae appears to dominate at lower depths.

From visual observation, Chthoniobacteraceae is most abundant at shallow depths (15 cm,
22.65%) than deeper depths (140-160 cm, 4.99%). Paenibacillaceae has a lower average relative
abundance at shallow depths (15 cm, 6.68%) than moderate depths (80-100 cm, 9.19%) and has the
lowest relative abundance at deeper depths (140-160 cm, 5.26%). Thermoanaerobacteraceae is more
abundant at shallow depths (15 cm, 2.48%) and less abundant at deeper depths (140-160 cm, 1.40%).
These data indicate that the relative abundance of Chthoniobacteraceae, Paenibacillaceae, and

Thermoanaerobacteraceae decreases at greater soil depths.

In contrast, Bacillaceae is more abundant at shallow depths (15 cm, 0.96%) than moderate depths
(80-100 cm, 0.32%) and is most abundant at deeper depths (160-180 cm, 3.07%). Micrococcaceae is least
abundant at shallow depths (15 cm, 2.50%) than deeper depths (140-160 cm, 5.90%). Nocardioidaceae is
least abundant at shallow depths (20-40 cm, 3.19%) than deeper depths (140-160 cm, 17.38%).
Pseudonocardiaceae is least abundant at shallow depths (20-40 cm, 2.10%) and most abundant at deeper
depths (140-160 cm, 7.32%). This indicates that the relative abundance of Bacillaceae, Micrococcaceae,

Nocardioidaceae, and Pseudonocardiaceae increases with soil depth.

Figure 11 shows the sequencing data at the genus level for the top 63 most-populous results for

soil depth.
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Figure 11. Sequencing data for genera taxa for soil depth samples ranging from 15 cm to 180 cm below
ground from the Williams Flats fire. Samples were taken from a high intensity burn area.

In Figure 11, the top six most abundant genera for the top third (i.e., 15 cm, 20-40 cm, and 50

cm), the middle third (i.e., 40-60 cm, 80-100 cm, and 100-120 cm), and the bottom third (i.e., 120-140 cm,

140-160 cm, and 160-180 cm) are shown. Note that standard deviation is not given as replicates were not

taken for each soil depth sample.

Chthoniobacter (average relative abundance

For the top third of the soil core, samples were dominated by

21.99% =+

2.28%), Arthrobacter (average relative

51



abundance = 2.27% * 0.57%), Conexibacter (average relative abundance = 3.55% + 1.02%), Cohnella
(average relative abundance = 5.16% + 1.37%), Rhodoplanes (average relative abundance = 2.70%
0.54%), and Caldithrix (average relative abundance = 5.57% * 0.96%). For the middle third of the soil core,
samples were dominated by Chthoniobacter (average relative abundance = 12.49% + 3.79%), Conexibacter
(average relative abundance = 5.98% + 0.27%), Cohnella (average relative abundance = 8.34% + 0.55%),
Nocardioides (average relative abundance = 3.25% + 0.70%), Caldithrix (average relative abundance =
3.09% + 1.17%), and Clostridium (average relative abundance = 2.75% + 0.88%). For the bottom third of
the soil core, samples were dominated by Chthoniobacter (average relative abundance = 6.68% + 1.62%),
Arthrobacter (average relative abundance = 5.35% * 0.51%), Conexibacter (average relative abundance =
4.55% + 0.95%), Cohnella (average relative abundance = 4.97% + 0.78%), Nocardioides (average relative
abundance = 4.42% + 1.30%), and Aeromicrobium (average relative abundance = 4.47% + 2.38%). The
most abundant genera for all soil depths averaged together are Chthoniobacter (average relative
abundance = 13.72% * 7.10%), Arthrobacter (average relative abundance = 3.19% + 1.69%), Conexibacter
(average relative abundance = 4.70% + 1.27%), Cohnella (average relative abundance = 6.16% + 1.84%),
Nocardioides (average relative abundance = 2.90% + 1.67%), and Caldithrix (average relative abundance

=3.41% + 1.91%).

Chthoniobacter is most abundant at shallow depths (15 cm, 23.2%) and least abundant at deeper
depths (160-180 cm, 8.04%). Rhodoplanes is most abundant at shallow depths (15 cm, 2.99%) and least
abundant at deeper depths (160-180 cm, 1.06%). Caldithrix is most abundant at shallow depths (15 cm,
5.10%) and least abundant at deeper depths (160-180 cm, 1.61%). Mycobacterium is also most abundant
at shallow depths (15 cm, 1.84%) and least abundant at deeper depths (160-180 cm, 0.62%). These data
indicate that the relative abundance of Chthoniobacter, Rhodoplanes, Caldithrix, and Mycobacterium

decrease at deeper soil depths. In contrast, Bacillus is least abundant at shallow depth (15 cm, 0.88%) and
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most abundant at deeper depths (160-180 cm, 2.68%). Nocardioides is least abundant at shallow depths
(15 cm, 1.02%) and most abundant at deeper depths (140-160 cm, 5.24%). Streptomyces is least abundant
at shallow depths (15 cm, 1.57%) and most abundant at deeper depths (160-180 cm, 5.65%).
Aeromicrobium is also least abundant at shallow depths (15 cm, 1.31%) and most abundant at deeper
depths (140-160 cm., 7.21%). Pseudonocardia is least abundant in shallow depths (15 cm, 0.30%) and
most abundant in deeper depths (160-180 cm, 3.24%). These data indicate that the relative abundance of

Bacillus, Nocardioides, Streptomyces, Aeromicrobium, and Pseudonocardia increases with soil depth.

Although these are wildfire affected soils, there is also the possibility that these vertical
distributions of bacteria are how they are naturally distributed, as there were no control samples for the
soil cores. Thus, we compared the taxa that increase with soil depth (i.e., having the lowest relative
abundance at the surface) to the taxa that are negatively affected by wildfire intensity from Table 1. Any
overlaps between the two data sets could suggest that wildfires are the cause of the decreased relative
abundance in the surface soils. We also compared the taxa that decrease with soil depth (i.e., having the

highest relative abundance at the surface) to the taxa that are positively affected by wildfire intensity.

2.3.4.1 Statistical Significance of Soil Depth on Soil Bacteria
Spearman correlations were used to determine whether average relative abundance changed
with soil depth. All significant (p < 0.05) samples for both family and genus had r values greater than |0.4].

The results of the correlations are shown in Table 3.

Table 3. Spearman correlation values for bacteria taxa versus soil depth in wildfire affected soil samples.

Family p rs
Bradyrhizobiaceae 0.0369 -0.72
Caldithrixaceae 0.0004 -0.95
Chitinophagaceae 0.0061 -0.85
Chthoniobacteraceae 0.0007 -0.93
Geodermatophilaceae 0.0083 0.83
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Hyphomicrobiaceae 0.002 -0.90

Leuconostocaceae 0.0007 -0.93
Mycobacteriaceae 0.002 -0.90
Nocardioidaceae 0.0013 0.92
Pseudonocardiaceae 0.0045 0.87
Solibacteraceae 0.0002 -0.97
Sphingobacteriaceae 0.0311 0.73
Streptomycetaceae 0.0369 0.72
Genus p rs
Actinoallomurus 0.0138 0.80
Actinokineospora 0.002 -0.90
Aeromicrobium 0.0045 0.87
Afipia 0.0214 -0.77
Blastococcus 0.0083 0.83
Bradyrhizobium 0.0061 -0.85
Caldithrix 0.0004 -0.95
Candidatus Koribacter 0.002 -0.90
Candidatus Solibacter 0.0002 -0.97
Chthoniobacter 0.002 -0.90
Gemmata 0.0061 -0.85
Kribbella 0.0369 0.72
Megasphaera 0.0172 -0.78
Modestobacter 0.0002 0.97
Mycobacterium 0.002 -0.90
Nocardioides 0.0255 0.75
Oenococcus 0.0045 -0.87
Paenibacillus 0.0369 0.72
Pedobacter 0.0172 0.78
Prosthecobacter 0.0138 -0.80
Pseudonocardia 0.0255 0.75
Rhodoplanes 0.0007 -0.93
Segetibacter 0.002 -0.90
Singulisphaera 0.0031 -0.88
Streptomyces 0.0007 0.93
Vogesella 0.0045 -0.87

An ANOVA or similar test was not run on the soil core data because the soil cores are individual

samples rather than groups.
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The families that increase relative abundance with soil depth are as follows:
Geodermatophilaceae (r = 0.83), Nocardioidaceae (r = 0.92), Pseudonocardiaceae (r = 0.87),
Sphingobacteriaceae (r = 0.73), and Streptomycetaceae (r = 0.72). The families that decrease relative
abundance with soil depth are as follows: Bradyrhizobiaceae (r = -0.72), Caldithrixaceae (r = -0.95),
Chitinophagaceae (r = -0.85), Chthoniobacteraceae (r = -0.85), Hyphomicrobiaceae (r = -0.90),

Leuconostocaceae (r = -0.93), Mycobacteriaceae (r = -0.90), and Solibacteraceae (r = -0.97).

The genera that increase relative abundance with soil depth are as follows: Actinoallomurus (r =
0.80), Aeromicrobium (r = 0.87), Blastococcus (r = 0.83), Kribbella (r = 0.72), Modestobacter (r = 0.97),
Nocardioides (r = 0.75), Paenibacillus (r = 0.72), Pedobacter (r = 0.78), Pseudonocardia (r = 0.75), and
Streptomyces (r = 0.93). The genera that decrease relative abundance with soil depth are as follows:
Actinokineospora (r =-0.90), Afipia (r =-0.77), Bradyrhizobium (r = -0.85), Caldithrix (r = -0.95), Candidatus
Koribacter (r = -0.90), Candidatus Solibacter (r = -0.97), Chthoniobacter (r = -0.90), Gemmata (r = -0.85),
Megasphaera (r = -0.78), Mycobacterium (r = -0.90), Oenococcus (r = -0.87), Prosthecobacter (r = -0.80),

Rhodoplanes (r = -0.93), Segetibacter (r = -0.90), Singulisphaera (r = -0.88), and Vogesella (r = -0.87).

More taxa are observed to decrease with soil depth than increase with soil depth. This is logical
as there are more nutrients in surface soils than deeper soils. These are relative abundance values,
however, so increases or decreases seen in one taxon may be due to increases or decreases in another
taxon. Furthermore, these significant results do not mean that these taxa increase or decrease with depth

due to wildfire, only that these trends were evident in wildfire affected samples.

We compared the taxa associated with intensity to taxa associated with soil depth to ascertain if
wildfires influenced the distribution of bacteria in the soil. No overlaps were found in the comparisons on

taxa that increase with fire intensity and decrease with depth. There were overlaps, however, in taxa that
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decrease in relative abundance with wildfire intensity and increase with depth. The family
Nocardioidaceae and the genera Aeromicrobium and Nocardioides both decrease with wildfire intensity
and increase with depth. These results could suggest that wildfires cause Aeromicrobium and members
of the Nocardioidaceae family to have low relative abundances in surface soils, but further research would

be needed to confirm that as there were no controls in the soil core samples.

2.3.5 Community Composition of Other Fire and Ash Samples

Results from the Kincade, Tubbs, Northstar, and Hayes wildfires were excluded from statistical
analysis because they lacked controls and offered little value for comparisons to other fires with more
abundant samples. The samples are still included in the appendices as they were used for antibiotic
resistance gene testing in Chapter Three and they did undergo sequencing, thus their taxa distribution

could be informative for future studies.

Figure 12 shows the sequencing data at the family level for the top 30 most-populous results for

miscellaneous soil and ash samples.
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Figure 12. Sequencing data for family taxa for fire-exposed soils, including depth and ash samples.
Sample names: first letter: M = Mesa, F = Williams Flats; M15 is 15 cm soil depth at Mesa, M50 is 50 cm
soil depth at Mesa. “Ash” denotes an ash sample.

In Figure 12, the top three most abundant families for the miscellaneous samples are as follows.
Note that standard deviations are not given as each category is composed of one sample. The Mesa 15
cm depth sample was largely dominated by Chthoniobacteraceae (average relative abundance = 19.64%),
Conexibacteraceae (average relative abundance = 4.20%), and Caldithrixaceae (average relative
abundance = 13.09%). These families in the Mesa 15 cm depth sample are similar to the Williams Flats
families in Figure 10, with Chthoniobacteraceae and Caldithrixaceae being some of the most abundant
families in both. This suggests that, in fire-affected soils, Chthoniobacteraceae and Caldithrixaceae are
present in the soil layers close to the surface. The Mesa 50 cm depth sample was largely dominated by
Chthoniobacteraceae (average relative abundance = 27.04%), Paenibacillaceae (average relative

abundance = 6.62%), and Streptomycetaceae (average relative abundance = 5.58%). The Williams Flats
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ash sample was largely dominated by Micrococcaceae (average relative abundance = 19.17%), Bacillaceae
(average relative abundance = 35.96%), and Oxalobacteraceae (average relative abundance = 17.02%).
The Mesa ash sample was largely dominated by Micrococcaceae (average relative abundance = 23.06%),
Bacillaceae (average relative abundance = 16.32%), and Oxalobacteraceae (average relative abundance =

12.97%).

For two ash samples collected from Williams Flats and Mesa, three family-level taxa dominate
microbial communities: Micrococcaceae (Williams Flat: 19.17%, Mesa: 23.06%), Bacillaceae (Williams
Flats: 35.96%, Mesa 16.32%), and Oxalobacteraceae (Williams Flat: 17.02%, Mesa 12.97%). The large
relative abundances of Micrococcaceae, Bacillaceae, and Oxalobacteraceae in the ash samples suggest
that these taxa are benefitted by the occurrence of ash, possibly because ash is nutrient rich (Knicker,
2007). Ash samples have also previously been shown to have high concentrations of heavy metals
(Liodakis & Tsoukala, 2009), so the bacteria that dominate these samples may be more resistant to heavy

metals than other taxa.

Figure 13 shows the genera for the Mesa and Williams Flats soil and ash samples. Note that
standard deviations are not given each category is composed of one sample. The Mesa 15 cm depth
sample is largely dominated by Chthoniobacter (average relative abundance = 20.57%), Conexibacter
(average relative abundance = 4.43%), Cohnella (average relative abundance = 2.44%), Caldithrix (average
relative abundance = 13.82%), Saccharopolyspora (average relative abundance = 1.98%), and
Desulfovibrio (average relative abundance = 2.01%). The Mesa 50 cm depth sample is largely dominated
by Chthoniobacter (average relative abundance = 28.20%), Arthrobacter (average relative abundance =
2.50%), Conexibacter (average relative abundance = 4.76%), Cohnella (average relative abundance =
6.47%), Rhodoplanes (average relative abundance = 2.87%), and Streptomyces (average relative

abundance = 3.71%).
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Figure 13. Sequencing data for genera taxa for fire-exposed soils, including depth and ash samples.
Sample names: first letter: M = Mesa, F = Williams Flats; M15 is 15 cm soil depth at Mesa, M50 is 50 cm
soil depth at Mesa. “Ash” denotes an ash sample.

Similar to the family ash trends, four taxa dominate the genera in the ash samples. Arthrobacter
has a relative abundance of 19.23% at Williams Flats and 23.53% at Mesa, while Bacillus has a relative
abundance of 34.15% at Williams Flats and 15.76% at Mesa. Janthinobacterium has a relative abundance
of 16.62% at Williams Flats and 9.64% at Mesa, and Pseudomonas has a relative abundance of 10.94% at
Williams Flats and 4.47% at Mesa. Like the family taxa, these genera may benefit from the nutrients in

ash (Knicker, 2007) and may be able to resist the heavy metals found in ash (Liodakis & Tsoukala, 2009).
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2.4 Discussion
2.4.1 Roles of Nutrient Cycling Bacteria

Twenty-two nitrogen cyclers were linked to wildfire intensity, including five positive relationships
and 17 negative relationships. Among the taxa that increase with intensity, no families were found to have
nitrogen cycling capabilities. For the nitrogen cycling genera that increase with intensity, Arthrobacter
spp. have been found to fix atmospheric nitrogen and are involved in the soil-nitrogen cycle post-wildfire
(Fernandez-Gonzélez et al.,, 2017). Although Amycolatopsis spp. are often found in nitrogen-poor
environments, they metabolize nitrogen (Sanchez-Hidalgo et al., 2018) and Amycolatopsis mediterranei
can metabolize inorganic nitrogen compounds (Zhao et al., 2010). Phenylobacterium spp. and
Pseudonocardia nantongensis can reduce nitrate to nitrite (Chu et al.,, 2015; Thawai, 2018) and

Pseudonocardia dioxanivorans can fix atmospheric nitrogen (Mahendra & Alvarez-Cohen, 2005).

For the nitrogen cycling families that decrease with wildfire intensity, ammonia is the preferred
nitrogen source for Chromatiaceae (Imhoff, 2014). Nocardioidaceae uses a wide range of nitrogen sources
(Evtushenko & Ariskina, 2015). Additionally, the Xanthomonadaceae family contains denitrifiers (Tang et
al.,, 2020). For the nitrogen cycling genera that decrease with wildfire intensity, some species of
Aeromicrobium can reduce nitrate (Evtushenko & Krausova, 2015). Balneimonas spp., Clostridium spp.,
and Desulfovibrio spp. can fix atmospheric nitrogen (Li et al., 2020; Chen et al., 2001; Sayavedra et al.,
2021). Candidatus Scalindua spp. utilize aerobic ammonium oxidation and can contribute to nitrogen
cycling (Schmid et al., 2003) and Euzebya spp. and Solirubrobacter spp. play roles in the nitrogen cycle (Xu
etal., 2019; Maquia et al., 2021). A strain of Dokdonella koreensis reduces nitrate to nitrite (Li et al., 2013).
Network analysis has shown that Dokdonella is positively correlated with nitrite reductase genes nirS and
nirk (Wang et al., 2019). A strain of Megasphaera elsdenii can use ammonium as a nitrogen source and

sulfate as a sulfur source (Forsberg, 1978). Nocardioides can use a variety of nitrogen sources (Evtushenko
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et al.,, 2015) and Rubrobacter xylanophilus can reduce nitrate to nitrite (Carreto et al.,, 1996). Some
Haliangium spp. are shown to be denitrifiers (Mcllroy et al., 2016). Runella contains solid phase denitrifiers
(J. Zhao et al., 2017). Solirubrobacter supports a role in the nitrogen cycle (Maquia et al., 2021) and one

Solirubrobacter strain uses ammonium as its sole nitrogen source (Singleton et al., 2003).

Although five nitrogen cycling taxa are shown to increase with fire intensity, 17 nitrogen cyclers
decrease with fire intensity. Nitrogen begins to volatilize at 200°C and at 500°C half the available nitrogen
in the soil is vaporized (Knicker, 2007), thus high intensity fires would result in the loss of nitrogen needed
for plant recovery. These results suggest that nitrogen availability after high intensity fires will be limited
as the populations of nitrogen cycling bacteria decrease and nitrogen is destroyed in fire heat, resulting

in slower plant growth and ecosystem recovery.

Six sulfur cyclers were linked to wildfire intensity, including two positive relationships and four
negative relationships. For the taxa that increase with fire intensity, one family, Pseudonocardiaceae, is
associated with the sulfur cycle (Cobo-Diaz et al.,, 2017). For the genera that increase with wildfire
intensity, Arthrobacter spp. metabolize organic sulfur (Romaniuk et al., 2018). For the families that
decrease with fire intensity, Chromatiaceae spp. can oxidize inorganic sulfur (Frigaard & Dahl, 2009). For
sulfur cycling genera that decrease with wildfire intensity, species of Desulfovibrio and a Clostridium sp.
have been shown to reduce sulfur (Johnson & Hug, 2019; Sallam & Steinbiichel, 2009). Euzebya spp. have

also been shown to have roles in the sulfur cycle (Xu et al., 2019).

Although the comparison of sulfur cycling taxa that increase versus decrease in relative
abundance with intensity may not be as numerous as the nitrogen cycling taxa, there are twice as many
sulfur cyclers that are negatively associated with intensity than are positively associated. Similar to the

nitrogen cyclers, a decrease in sulfur cycling bacteria post-wildfire could decrease nutrient availability.
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Sulfur combusts at 800°C (King et al., 2013), however, so it is likely that only high intensity fires that impact
surface soils would immediately decrease sulfur availability in the soil. High intensity fires can reach
temperatures of up to 1000°C but, due to the insulating qualities of dry soil, soils below a depth of 5 cm
are rarely likely to exceed 150°C (Smith et al., 2008; Terzano et al., 2021). Thus, sulfur is unlikely to be

affected by wildfires in soils 5 cm below the surface.

Seven phosphorous cyclers were linked to wildfire intensity, including one positive relationship
and six negative relationships. Among the taxa that increase with intensity, no families were found to have
phosphorous cycling capabilities. For the genera that increase with fire intensity, a strain of Arthrobacter
has shown to degrade glyphosate, an organophosphorus herbicide (Kehler et al., 2021). For the families
that decrease with fire intensity, some Xanthomonadaceae spp. are phosphorous solubilizers, meaning
those species can make phosphorous more soluble and thus more available for plant uptake. Among the
genera that decrease with fire intensity, Aeromicrobium spp., Haliangium spp., and Nocardioides spp. are
also phosphorous solubilizers (Vieira et al., 2020; Y. Wang et al., 2021). Balneimonas spp. can mobilize
phosphorus, also making it available for plants (lkoyi et al., 2018). Finally, Euzebya spp. are also involved
in the phosphorus cycle (Xu et al., 2019). One phosphorus-cycling genus was found to be positively
associated with fire intensity, while six taxa were negatively associated, suggesting that phosphorus
availability will decrease after high intensity fires. Phosphorous combusts at 760°C (Knicker, 2007), so it is
likely that phosphorus destruction from wildfires would likely only occur during high intensity surface soil

fires up to 5 cm below the surface, similar to sulfur.

Some taxa (i.e., Chromatiaceae, Xanthomonadaceae, Aeromicrobium, Balneimonas, Clostridium,
Desulfovibrio, Euzebya, Haliangium, and Nocardioides) are connected to more than one nutrient cycle, so
a loss in these taxa after high intensity wildfires would be detrimental to multiple nutrient cycles, further

damaging ecosystem recovery post-wildfire. Additionally, although some taxa were not found to have
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strong roles in the nitrogen, sulfur, or phosphorous cycles, these bacteria play roles in the environment.
Micrococcaceae, Sphingobacteriaceae, and Oxalobacter all increase with fire intensity and could play a
role in organic matter decomposition, degrading organic molecules that were released by fire and thus
releasing carbon-bound nutrients into the soil. Rubrobacteraceae, Solirubrobacteraceae,
Thermoanaerobacteraceae, Chondromyces, Cystobacter, Gemmata, and Kaistobacter decrease with fire
intensity, and they could play a similar role. Their decrease after high intensity fires could result in a lack
of carbon nutrient cycling. Additionally, Kaistobacter has been shown to suppress disease in tobacco (Liu
et al., 2016), and if the other taxa listed previously play a similar role in plant disease suppression, plant

recovery after wildfires could be harmed by the population decrease in these taxa.

2.4.2 Overlap of Fire Intensity and Soil Depth

Nocardioidaceae and the genera Aeromicrobium and Nocardioides both decreased with wildfire
intensity and increased with soil depth. Nocardioidaceae spp. and Nocardioides spp. are nitrogen cyclers
and Nocardioides spp. are also phosphorus cyclers, while Aeromicrobium spp. are connected to both the
phosphorus and nitrogen cycles. The overlap between wildfire intensity and soil depth could suggest that
these taxa are both decreasing after high intensity wildfires and are losing abundance in surface soils. This
could suggest that these taxa are not available to cycle nutrients in surface soils after high intensity
wildfires, although further experiments would be needed to verify this as the Williams Flats soil core

samples did not have control values for comparison.

2.4.3 Risk of Pathogenic Bacteria in Ash

Ash is easily transported by wind and water after wildfires (Bodi et al., 2014). Humans may be
exposed to ash after wildfires, thus the taxa that dominated ash samples were examined to identify
pathogen-containing species within them. The families that dominate the Mesa and Williams Flats ash

samples are Micrococcaceae, Bacillaceae, and Oxalobacteraceae, while the genera are Arthrobacter,
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Bacillus, Janthinobacterium, and Pseudomonas. Most of these taxa contain pathogenic species, such as
Micrococcaceae containing Staphylococcus aureus and S. haemolyticus which cause mastitis (Batt &
Tortorello, 2014). Species of Bacillaceae and Bacillus can cause food poisoning, and Bacillus cereus can
cause lung infections (Taussig et al., 2008). Some Oxalobacteraceae spp. are plant pathogens (Baldani et
al., 2014). Arthobacter spp. can be opportunistic pathogens, taking advantage of immunocompromised
hosts (Huang et al., 2005). Species of Janthinobacterium are considered non-pathogenic (Oh et al., 2019),

but Pseudomonas aeruginosa often causes infections in humans (CDC, 2019).

The microbiomes of each ash sample contained pathogen-containing taxa. Although we have
identified these taxa, this does not necessarily mean that they contain active pathogens. The presence of
pathogens must be determined by species-level identification and verification of pathogenicity (e.g., the
expression of genes regulating infectivity). The risk of long-range spread of potential pathogens is also
determined by the potential concentration of microbes on ash particles. Wildfire ash is likely to have lower
concentrations of bacteria, particularly in higher combustion ash, than in soil samples due to the nutrient-
limiting qualities of higher combustion ash. Thus, it is likely that pathogen-containing taxa are likely to be
present in ash in fewer numbers, though enumeration analyses (e.g., qPCR or selective plating) are needed
to verify these trends. However, these results are still noteworthy as no studies known to the author have
yet evaluated wildfire ash microbiomes. These data also suggest there is a potential risk that pathogens
may be transported across large distances due to the extreme mobility of ash via air, erosion, or runoff.
However, additional work is needed to characterize potential pathogens at the species level and verify

pathogenicity.
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CHAPTER THREE: ANTIBIOTIC RESISTANCE GENE DISTRIBUTION IN WILDFIRE-AFFECTED SOIL SAMPLES

3.1 Introduction

Antibiotic resistant infections are an extremely dangerous phenomenon that is bound to grow
more dangerous. Currently there are 700,000 deaths worldwide annually from antibiotic-resistant
infections that death toll is projected to reach 10 million deaths annually by 2050 (Patel & Williams, 2019).
With the number and severity of wildfires also on the rise (Dennison et al., 2014; Moritz et al., 2012), the
relatively unexplored overlap between wildfires and antibiotic resistance gene development must be
examined. Antibiotics are frequently used in healthcare and agriculture settings and when these
antibiotics enter the soil through various processes (e.g., runoff, animal waste) the antibiotics that are not
fully metabolized sorb to the soil (Cycon et al., 2019). Concentrations of these sorbed antibiotics in the
soil create conditions that encourage the proliferation of antibiotic resistance genes (ARGs) and among

soil bacteria populations (Cycon et al., 2019).

One pathway of ARG transfer between bacteria is through horizontal gene transfer (HGT). There
are four ways that horizontal gene transfer occurs: conjugation, transformation, transduction, and gene
transfer agents (von Wintersdorff et al., 2016). The first HGT pathway, conjugation, is the most common
form of ARG transfer between microorganisms. Conjugation involves the use of pili or bacterial adhesins
and requires direct contact between microbes. During contact, a plasmid containing ARGs is transferred
between the host and a receiving microbe. While plasmid transfer during these conjugation events could
also occur during transformation or transduction, conjugation is the most likely form of transfer due to
the protection that it offers to the plasmid being transferred (von Wintersdorff et al., 2016). Choi et al.
(2017) reported an increase in motility genes post-wildfire. This could increase the rate of conjugation

ARG transfer, especially during the recovery period of microorganisms post-fire.

65



The second HGT pathway, transformation, is the intake and usage of DNA found outside of a
bacterial cell. To successfully undergo transformation, there are a few requirements. The first is that there
must be DNA in the environment surrounding the receiving cell. Secondly, the receiving cell must be
capable of accepting DNA from its environment. Finally, the cell must be able to use the DNA, either by
making it a part of its genome or by “recircularization” if the DNA received is from a plasmid (von
Wintersdorff et al., 2016). Wildfires would most likely increase the rate of transformation ARG transfer

due to greater amounts of environmental DNA found due to cell lysis from wildfire heat (Hart et al., 2005).

The third HGT pathway is transduction, in which bacteriophages, viruses that infect a bacterial
cell and use it for replication (Clokie et al., 2011), transfer ARGs across cells. If a bacteriophage accidentally
incorporates bacterial DNA with ARGs, this DNA can be transferred to a new uninfected cell. This receiving
bacterium will then receive the ARGs in the genetic payload from the virus (von Wintersdorff et al., 2016).
Transduction ARG transfer would most likely decrease after a wildfire because the process requires living

bacterial cells to act as hosts for DNA assimilation.

The final HGT pathway is through gene transfer agents. Gene transfer agents resemble
bacteriophages and are produced within the host cell. Rather than transferring the genetic content of a
virus, however, the gene transfer agent will carry parts of the host cell’s genetic makeup to a receiving
cell (von Wintersdorff et al., 2016). Gene transfer agents are usually released during cell lysis and because
they carry incomplete versions of the host DNA, they are unable to undergo self-replication like
bacteriophages (von Wintersdorff et al., 2016). The process of ARG transfer through gene transfer agents

would likely increase after wildfire events, due to cell lysis during fires, similar to transformation HGT.

Wildfires are also likely to increase antibiotic concentrations in the soil because fungi are known

to produce secondary metabolites in extreme environments (e.g., post-wildfire) for competitive and
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defensive purposes (Yogabaanu et al.,, 2017). These secondary metabolites often have antibiotic
properties (Fatima et al.,, 2019). Environmental stresses from wildfires can cause fungi to produce
secondary metabolites, some of which have antibiotic properties (Ebrahimi et al., 2021). These increased
concentrations of soil antibiotics could further increase ARG abundance in microbes after wildfires as
exposure to antibiotics increases.

Heavy metal concentrations are also likely to increase in the soil post-fire, as wood ash from fires
is full of heavy metals and modern firefighting practices use ammonium sulfates that increase heavy metal
solubility (Liodakis & Tsoukala, 2009). By increasing the concentrations of heavy metals in the soil, the
likelihood of co-selecting for antibiotic resistance genes is increased, as heavy metals can cause antibiotic
resistance to be co-selected (Seiler & Berendonk, 2012). This co-selection of ARGs on mobile genetic
elements (e.g., plasmids) may cause ARGs to spread in a post-fire environment.

Some ARGs confer resistance to common antibiotics (i.e., sull, sul2, tetM, tetB, tetO, tetW, and
ermF) and last resort antibiotics (i.e., mcr-1, optrA, fosA2, cfr). For the common antibiotics, the su/1 and
sul2 genes confer resistance to sulfonamides (Pei et al., 2006). sul1 and sul2 have been found to co-exist
on chromosomes and plasmids (N. Wang et al.,, 2014) and have been found in strains of Salmonella
enterica (Antunes et al., 2005). Sulfonamides work by inhibiting the production of folic acid by binding to
the enzyme dihydropteroate synthase (DHPS) and the presence of sul genes result in the production of
DHPS enzymes that resist sulfonamide binding (Skéld, 2000). Tetracyclines work by binding to ribosomes
and preventing tRNA binding (Donhofer et al., 2012) and tet genes confer resistant to tetracyclines
(Aminov et al., 2001) through one of three methods: efflux pumps (i.e., using transport proteins to remove
the antibiotic from the cell), ribosomal protection by preventing antibiotic binding, or inactivation of the
drug through enzymes (Bryan et al., 2004). Tet genes have been found in Aeromonas spp., Citrobacter

freundi, Pseudomonas putida, and Yersinia ruckeri (Hedayatianfard et al., 2014). ErmF, which confers
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resistance to erythromycin (J. Chen et al., 2007), works through inhibiting protein synthesis by binding to
bacterial ribosomes (Weisblum, 1995) and has been found in Bacteroides fragilis (Jensen et al., 1999). The
erm class of resistance genes can provide erythromycin resistance by altering the structure of the
ribosomal proteins, preventing antibiotic binding to the ribosomes (Weisblum, 1995).

Some antibiotics are last resort antibiotics that are used when other common antibiotics have
failed to treat bacterial infections (Osei Sekyere, 2018). As is common, however, bacteria are developing
resistances to these last-resort antibiotics. The mcr-1 gene is a variant of mcr, a gene that confers
resistance to colistin (Osei Sekyere, 2018) and has been found in the Enterobacteriaceae family (Li et al.,
2020). Colistin works by binding to lipids and initiating cell lysis and mcr codes for the transfer of
phosphoethaloamine to the lipid binding site of colistin, reducing the lipid’s anionic charge and preventing
the cationic colistin from binding (Osei Sekyere, 2018). OptrA and cfr genes both confer resistance to the
oxazolidinone class of antibiotics and have been found to co-exist on plasmids on Enterococcus faecalis
(Almeida, Gaca, et al., 2020). OptrA provides protection from oxazolidinones by coding for ATP-binding
cassette proteins that give ribosomal protection (Almeida, Lebreton, et al., 2020) and optrA has been
found to be transferred between Enterococcus spp. (Cui et al., 2016). Cfr codes for the addition of a methyl
group to the binding site of oxazolidinones on rRNA, preventing antibiotic binding (Long et al., 2006).
FosA2 confers resistance to fosfomycin by coding for the production of an enzyme that inactivates
fosfomycin (Benzerara et al., 2017) and has been found in Enterobacter cloacae (H. Xu et al., 2011). Due
to the increasing risk of antibiotic resistant infections, the link between wildfires and ARGs must be
explored. The hypothesis of this study was that wildfires would increase ARG abundance, possibly through

a variety of mechanisms as listed previously.

68



3.2 Materials and Methods

Wildfire intensity samples were taken from area affected by the Woolsey Fire in the Santa Monica
Mountains National Recreation Area in California. The Woolsey Fire began on November 8, 2018, and by
the time it was contained on January 4, 2019 it had burned 94,946 acres (Woolsey Fire, 2021). The area
has a Mediterranean ecosystem, characterized by mild winters with precipitation and warm summers
with little precipitation (Mulholl et al., 2015a). The geology of the site is varied, containing volcanic and

ocean sediments, canyons, and mountainous terrain (Mulholl et al., 2015b).

Soils were collected approximately one year after the Woolsey Fire in January 2020 from areas
exposed to high intensity wildfire (i.e., sites Corral Canyon (H8) and Kanan Dume (H9)), moderate intensity
wildfire (i.e., sites Arroyo Sequit (M4), Corral Canyon (M5), Kanan Dume (M6), and Paramount Ranch
(M7)), and low intensity wildfire (i.e., sites Cheeseboro Canyon (L2) and Laskey Mesa (L3)). Controls soils
with no exposure to wildfire were collected from Encinal Canyon Road (Cla), Saddle Peak (Clb), and
Calabasas Peak (Clc). Intensity readings were collected using spectral band data from the Sentinel-2
satellites by the U.S. Forest Service. At each location, soils were sampled in triplicate using a soil corer of
approximately 1 in. diameter. Soils were then separated based on the following depths: 0 in. to 3 in.
(topsoils) and 3 in. to 6 in. (bottom soils). Sampling materials were sterilized with 70% ethanol in between
samples to prevent cross-contamination of soil microbes. Samples were shipped overnight on dry ice to
Washington State University. Once received, soils were homogenized and stored at -80°C until DNA could

be extracted. Maps of sample locations are shown in Figure 2 and Figure 3.

For Kincade, Tubbs, and Williams Flats wildfire sites, soil samples were collected immediately
following wildfires. The Kincade wildfire burned from October 23™, 2019 to November 6, 2019 northeast
of Geyserville, CA, burning 77,758 acres (Kincade Fire, 2020). Six samples of unknown burn intensity were

collected from the Kincade Fire: three topsoil and three bottom soil. The Tubbs wildfire burned from
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October 8™ 2017 to February 9%, 2018 off of Highway 128 and Bennett Lane, CA, burning 36,807 acres
(Tubbs Fire, 2019). Six high intensity burn samples were collected from the Tubbs Fire: three topsoil and
three bottom soil samples. The Williams Flats wildfire burned from August 2", 2019 to August 25%, 2019
five miles southeast of Keller, WA, burning 44,446 acres (Williams Flats Fire, 2019). Fourteen samples
were collected from the Williams Flats Fire in a high-burn intensity area as defined by Parson et al. (2010):
three ash samples and 11 soil core samples, with depths ranging from 15 to 220 cm below ground. The
Mesa wildfire started on July 26, 2018, 23.8 miles southwest of McCall, ID, and burned 34,719 acres. Five
high intensity burn samples were collected from the Mesa Fire: 3 ash samples and two soil samples
(Depth: 15 cm, 50 cm). Finally, one topsoil sample was taken from both the Northstar and Hayes Fires. For
each location, soils were again sampled using a soil corer of approximately 1 in. diameter. Ash samples
were collected using sterilized shovels. Following collection, all samples were immediately transported to

Washington State University and stored at -80°C until DNA could be extracted.

DNA was extracted from 114 samples using the DNeasy PowerlLyzer PowerSoil® Kit by QIAGEN.
Approximately 0.25 grams of the soil or ash samples was used in each isolation. Each isolation followed
the procedure outlined in the DNeasy PowerlLyzer PowerSoil® Handbook, with some changes. First, the
initial vortexing time of the PowerBead tube was increased from 10 to 20 minutes to increase DNA yields.
Second, the final elution of the MB Spin Column membrane was done using 30 puL of solution C6 rather
than the recommended 100 pL to avoid diluting eluted DNA. Resulting DNA concentrations were then
analyzed using the Qubit 4.0 Fluorometer from Thermo Fisher Scientific. Extracted DNA was stored at -

20°C for downstream analysis.

PCR was performed on the 114 wildfire soil DNA samples. Eleven antibiotic resistance genes were

targeted that confer microbial resistance to conventional antibiotics (i.e., sull, sul2, tetM, tetB, tetO, tetW,

70



and ermF) and last resort antibiotics (i.e., mcr-1, optrA, fosA2, cfr). The PCR was performed using 25 uL

reactions using targeted primers and primer-specific annealing temperatures, shown in Table 4.

Table 4. Antibiotic resistance genes targeted, the forward and reverse primers, the amplicon size in base

pairs (bp), the annealing temperature, the resistance target, and the primer source.

Forward Reverse . Annealing .
. . Size Resistance
Gene Primer Primer (bp) Temperature Tarcet Source
(5'>3) (5> 3) P (°C) 8
Osei
mcr-1 éﬂgfggmﬁ' ?ggTTCCEEGGTC_ 320 51.9 Colistin Sekyere,
2018
GCTGCAATCACT- | AAGCTGGAGCTG- . H. Xuetal.,,
FOSA2 | ‘xaccatc CACGTC 712 52.3 Fosfomycin 2011
: . - Cuietal,
optrA (c;ic;g;;gcmc iﬁiﬁéﬁgﬁccc 1000* 53.4 Oxazolidinone 2016
Kehrenberg
TGAAGTATAAAG-
cfr CAGGTTGGGAGT- QEEQQTAAG?;T& 746 53.6 Oxazolidinone | & Schwarz,
CcA
2006
CGCACCGGAAAC- | TGAAGTTCCGCC- . Peietal.,
sull ATCGCTGCAC GCAAGGCTCG 163 61.8 Sulfonamide 5006
TCCGGTGGAGGC- | CGGGAATGCCAT- . Peietal.,
sul2 CGGTATCTGG CTGCCTTGAG 191 58.6 Sulfonamide 2006
ACAGAAAGCTTA- | TGGCGTGTCTAT- . Aminov et
tet(M) | TraTaTanc GATGTTCAC 171 72.0 Tetracycline al., 2001
AAAACTTATTAT- TGGAGTATCAAT- . Aminov et
tet(B) ATTATAGTG AATATTCAC 169 35 Tetracycline al., 2001
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ACGGARAGTTTA- | TGGCGTATCTAT- . Aminov et
tet(0) | rraratacc AATGTTGAC 171 45.5 Tetracycline al., 2001
GAGAGCCTGCTA- | GGGCGTATCCAC- . Aminov et
tet(W) TATGCCAGC AATGTTAAC 168 50.9 Tetracycline al., 2001
CGACACAGCTTT- | GGACCTACCTCA- . J. Chen et
ermF GGTTGAAC TAGACAAG 309 49.4 Erythromycin al., 2007

Thermocycling conditions for PCR were as follows: 1) denaturation at 95°C for three minutes, 2)
35 cycles of denaturation at 95°C for 30 seconds, annealing at the temperature listed in Table 4 for 30
seconds, and extension at 72°C for one minute, 3) a final extension step at 72°C for five minutes, and 4)
holding at 4°C until use. After PCR, the samples were stored in a -20°C freezer until use. Agarose gel
electrophoresis was then performed on the PCR product to visually confirm the presence of gene

fragments.

3.3 Results
Of the 11 genes targeted in PCR, mcr-1, fosA2, tetM, tetB, tetO, cfr, and ermF did not show any
positive results for the 114 samples tested. There were, however, positive results for sull, sul2, tetW, and

potentially optrA. Full results are shown in Appendix Two.

PCR and gel electrophoresis were run using primers for optrA. However, the paper by Cui et al.
(2016) that the primers were sourced from failed to include any gel photos or amplicon lengths, so any
positive results on this study’s optrA gels will have to be treated with uncertainty. There were three total

potential positive results in the gel at 1000 bp from the Williams Flats samples with soil depths of 20-40
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cm, 15 cm, and 40-60 cm from right to left shown in Figure 14. There were 10 positive results for tetW in
the 114 samples tested. Two of the positive results, samples M5T and M7H, are shown in Figure 14.

E "15 cmg. [40-60 cm'

e

o

!

Figure 14. (A): Potentially positive results for the optrA amplicon in Williams Flats soil depth samples at
1000 bp. The soil depths from left to right are as follows: 20-40 cm, 15 cm, and 40-60 cm depths. (B):
Positive results for the tetW amplicon in samples M5T (Moderate, Corral Canyon, topsoil) and M7H
(Moderate, Paramount Ranch, vertically homogenized) at 168 bp. Sample names have an “M” for
moderate intensity wildfire samples from the Woolsey fire, while the letter at the end denotes sample
depth by a “T” (topsoil, 0-5 cm) or “H” (vertically homogenized). The letters in the middle in (B)
correspond to the map in Figure 2.
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As shown in Figure 14, the positive results for optrA are faint, suggesting low concentrations.
Additionally, the bands grow fainter as soil depth increases, suggesting that ARGs have highest
concentrations in wildfire-affected soils in the top layers. This increased surface concentration is likely
due to higher bacteria concentrations in samples closest to the surface, where nutrients are plentiful.
Higher concentrations near the surface could also lead to increased risk of ARG transport (e.g., surface
runoff, foot traffic, etc.) which could increase ARG concentration in areas where there previously was not
a high prevalence of antibiotic resistant bacteria. Both samples in Figure 14 have very faint bands,
suggesting a low concentration in both samples. These samples were from the moderate intensity
Woolsey fire, although they were from different locations, showing that ARGs are found in multiple
locations post-wildfire. The vertically homogenized sample in M7H has a slightly fainter band than M5T,
suggesting that the topsoil in M5T has higher ARG concentrations than the combined top and bottom soil
in M7H. Similar to the results in Figure 14A, this indicates that ARGs are more prevalent in samples closer

to the surface, likely due to higher bacteria concentrations.

There were 27 positive results for sul/l in the 114 samples tested. Four of the positive results in
samples M6T and M6T are shown in Figure 15. There were 10 positive results for su/2 in the 114 samples

tested. Two of the positive results, samples KB and KT, are shown in Figure 15.
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Figure 15. (A): - Positive results for the sull amplicon in samples M6T and M6B at 163 bp. Samples are
moderate intensity samples from Kanan Dume. For the last letter: T = “topsoil” (0-3 inches below the
surface), B = “bottom soil” (3-6 inches below the surface). (B): Positive results for the sul2 amplicon in
samples KB and KT with at 191 bp. Samples are of unknown intensity from the Kincade wildfire. Sample
names begin with an “M” to denote moderate intensity samples from the Woolsey wildfire or with a “K”
for samples from the Kincade fire. The letters at the end denote sample depth, a “T” (topsoil, 0-3 in) or
“B” (bottom soil, 3-6 in). In (A), the numbers in the sample name correspond to the location in Figure 2.
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In Figure 15A, the far-left sample M6T shows a higher concentration than the other due to its
brighter band. In Figure 15, sample KT shows a higher concentration than sample KB due to sample KT’s
much brighter band. Notably, both samples are from the Kincade fire, but sample KB is from bottom soil
while sample KT is from the topsoil. These results, combined with the results from the depth samples in
Figure 14, suggest a higher concentration of antibiotic resistance genes in surface soils than in deeper
soils. This would be a reasonable assumption, as there are higher concentrations of microorganisms in

surface soils than subsurface soils.

3.3.1 Woolsey Wildfire Intensity ARGs

The percentage of positive ARG results for the Woolsey wildfire samples are shown Table 5.

Table 5. Percentage of positive antibiotic resistance gene results for sull, sul2, and tetW genes from the
Woolsey wildfire in California with varying wildfire intensities. “n” is the number of total samples in each

intensity category.
Intensity sull sul2 tetW
Control (n=9) 0% 0% 0%
Low (n = 18) 28% 22% 6%
Moderate (n=36) 33% 8% 19%
High (n = 18) 22% 6% 6%

As shown in Table 5, there were no samples with ARGs identified in the control category, and
positive results were found in both low, moderate, and high samples for sul1, sul2, and tetW. sull remains
relatively elevated in all wildfire intensities, ranging from the lowest at high intensity at 22% to the highest
at 33% at moderate intensity, which is the greatest percentage of all amplicon abundance in the samples.
TetW also peaks in the moderate intensity samples at 19% while sul2 peaks in low intensity samples at
22% and decreases in moderate and high samples at 8% and 6%, respectively. The results for the sull gene

suggest that it is most prominent in low and moderate fire intensity soils, while sul2 has higher
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concentrations in low intensity soils. TetW appears to have the highest concentration in moderate fire

intensity soils.

3.4 Discussion

Out of the 11 genes tested for ARGs, three positive results were found for optrA, 27 for sul1, 10
for sul2 and 10 for tetW. The results for the optrA gene are potential hits, however, since the size of the
optrA gene was not described in the source paper (Cui et al., 2016) and the listed size of 1000 bp is an
inference from gel results. The results from Appendix Two suggest that su/1 may be a common antibiotic
resistance gene found after wildfires, as it appears in 23% of the 114 total samples tested. For control
samples with no fire exposure, no ARGs were found. For low fire intensity samples, sull was the most
abundant ARG (abundance = 28%), followed by sul2 (abundance = 22%) and tetW (abundance = 6%). For
moderate intensity samples, sull was also the most abundant ARG (abundance = 33%), followed by
tetW (abundance = 19%), and sul2 (abundance = 8%). For high intensity samples, sull was again the
most abundant ARG (abundance = 22%), followed by a tie in abundance between sul2 (abundance =
6%), and tetW (abundance = 6%). These results suggest that sull and su/2 are abundant in low intensity
wildfires, sull and tetW are abundant in moderate intensity wildfires, and sull is abundant in high
intensity wildfires. ARGs are shown to be abundant at all fire intensities and absent in control samples,

suggesting that wildfires are encouraging the development of ARGs in soil bacteria.

The results from Figure 14A and Figure 15B may suggest that ARG concentrations are higher in
surface soil samples, as the optrA and sul2 amplicon bands are brighter in surface soils. This is not
corroborated by Figure 15A, however. Although the far-left sample M6T in Figure 15A is a topsoil sample
and has a brighter band than the other samples, the two samples from the right are also from M6T and
have fainter bands, similar to the bottom soil samples. The results in Appendix Two show that sull has

ten positive results in surface soils and five positive results in bottom soils. Su/2 has four positive results
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in surface soils and also four positive results in bottom soils. TetW has one positive result in surface soils
and three positive results in bottom soils. From the distribution of ARGs in top and bottom soils, no clear
conclusions can be made about ARG abundance versus depth. These results may indicate that soil depth
plays a role in ARG concentrations and abundance but that ARGs are also location dependent. Perhaps
the site topography plays a role in determining ARG concentration. It could be that areas with lower
elevations than the surrounding terrain are more likely to have higher concentrations of ARGs as runoff

accumulates in those areas.

The results from Table 5 suggest that ARGs do increase in wildfire affected soil. There were
three possible mechanisms proposed to explain the increase of ARGs in wildfire soil. First, ARGs may be
released during cell lysis from wildfire heat. For cell lysis to explain ARG development, ARGs would be
present in the control samples, albeit at lower levels, due to the natural presence of ARGs in the
environment. ARGs only appear in fire-affected soil, however, indicating that cell lysis does not fully
explain the results in Table 5. Secondly, ARG development may occur as a natural reaction to fungi
releasing secondary metabolites with antibiotic properties due to stress. However, only sull, sul2, and
tetW were found. The genes sul/l and sul2 encode for sulfonamide resistance (Antunes et al., 2005), and
sulfonamide is created synthetically (van Miert, 1994). TetW encodes for tetracycline resistance (Cheng
et al., 2013), and tetracycline is either derived from bacteria (i.e., streptomycetes) or produced
synthetically (Grossman, 2016). Thus, none of the ARGs found in the samples would have developed as
an evolutionary response to fungi. The final and most likely possibility for ARG development in fire-
affected samples is that a post-fire environment enriched in heavy metals resulted in the co-selection of
ARGs along with heavy metal resistance genes in mobile plasmids. These plasmids likely passed between
bacteria through horizontal gene transfer and to new generations of bacteria during reproduction to

improve survivability.
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CHAPTER FOUR: CONCLUSIONS AND FUTURE DIRECTIONS

4.1 Conclusions

Wildfire frequency and severity has increased in recent years and additional research is needed
to understand the holistic impacts of wildfire on environmental health and sustainability. While large-
scale effects of wildfires are well-studied (e.g., property destruction, loss of animal habitats), the more
subtle effects of wildfires have yet to be fully evaluated. Because of the importance microbes play in
maintaining healthy ecosystems, any impact that wildfires may have on microbial communities has the
potential to pose a serious threat to post-fire recovery efforts and human health for years to come.
Wildfires are most likely to negatively impact microbial communities when burns reach higher intensities
by destroying available nutrients and causing cell death through fire heat. Wildfires may also play an
indirect role in antibiotic resistance gene (ARG) development and proliferation. Thus, the present research
addressed two primary goals: 1) to identify changes in families and genera that were mediated by wildfire
intensity and 2) to determine whether ARG abundance and distribution in soil microbial communities is

affected by wildfire.

To achieve these goals, first, wildfire-affected soil and ash samples were collected from wildfires
in Washington, Idaho, and California. Genomic DNA was isolated from each sample and was used to
determine bacterial community structures in wildfire-affected soils using Illumina MiSeq sequencing.
Statistical tests (i.e., Spearman correlations and Jonckheere-Terpstra tests) were then used to identify
taxa significantly associated with wildfire burn intensity. Several taxa and many genera were identified
with their abundances being significantly mediated by wildfire intensity, with six families and 17 genera
negatively associated with wildfire intensity and three families and six genera positively associated with
wildfire intensity. Families found to be significantly (p < 0.05) positively associated with wildfire intensity

are Micrococcaceae spp. (r = 0.410), Pseudonocardiaceae spp. (r = 0.557), and Sphingobacteriaceae spp.
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(r = 0.513), while genera found to be significantly (p < 0.05) positively associated with wildfire intensity
are Amycolatopsis spp. (r = 0.578), Arthrobacter spp. (r = 0.421), Oxalobacter spp. (r = 0.540), Pedobacter
spp. (r =0.513), Phenylobacterium spp. (r = 0.533), and Pseudonocardia spp. (r = 0.555). These taxa may
increase in relative abundance post-fire due to a decrease in competition from taxa that are more

susceptible to wildfire impacts.

Families found to be significantly (p < 0.05) negatively associated with wildfire intensity are
Chromatiaceae spp. (r = -0.704), Nocardioidaceae spp. (r = -0.470), Rubrobacteraceae spp. (r = -0.899),
Solirubrobacteraceae spp. (r = -0.651), Thermoanaerobacteraceae spp. (r = -0.608), and
Xanthomonadaceae spp. (r = -0.481). Genera found to be significantly (p < 0.05) negatively associated
with wildfire intensity are Aeromicrobium spp. (r = -0.612), Balneimonas spp. (r = -0.640), Candidatus
Scalindua spp. (r = -0.615), Chondromyces spp. (r = -0.613), Clostridium spp. (r = -0.763), Cystobacter spp.
(r = -0.692), Desulfovibrio spp. (r = -0.461), Dokdonella spp. (r = -0.503), Euzebya spp. (r = -0.672),
Gemmata spp. (r = -0.668), Haliangium spp. (r = -0.477), Kaistobacter spp. (r = -0.540), Megasphaera spp.
(r = -0.579), Nocardioides spp. (r = -0.590), Rubrobacter spp. (r = -0.896), Runella spp. (r = -0.556), and
Solirubrobacter spp. (r = -0.653). Many as many of these genera are known to be critical contributors to
maintaining global nutrient cycles. For example, Balneimonas spp., Clostridium spp., and Desulfovibrio
spp. are capable of fixing atmospheric nitrogen. Decreases in nitrogen fixing species could result in

decreased nutrients for struggling plant communities in a post-wildfire environment.

Additionally, the community profiles of two ash samples were obtained and both samples from
different locations featured the same top three taxa for families (i.e., Micrococcaceae, Bacillaceae, and
Oxalobacteraceae) and top four taxa for genera (i.e., Arthrobacter, Bacillus, Janthinobacterium, and

Pseudomonas). Ash that is transported during wildfire events could transport bacteria and any ARGs they
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harbor to new areas and spreading ARGs through horizontal gene transfer. Additionally, if any pathogenic
bacteria are contained in the ash, individuals that breathe in the ash may be introducing pathogens to

their bodies.

To examine the effects of wildfires on environmental antibiotic resistance, extracted genomic
DNA was also screened for the presence of several ARGs including those targeted that confer microbial
resistance to conventional antibiotics (i.e., sull, sul2, tetM, tetB, tetO, tetW, and ermF) and last resort
antibiotics (i.e., mcr-1, optrA, fosA2, cfr). While no ARGs were found in the control samples for the
Woolsey fire, sull, sul2, and tetW ARGs were frequently in Woolsey fire soil samples, with sull and tetW
being most prominent in moderate intensity samples, sul2 being prominent in low intensity samples.
These data suggest that there may be a link between wildfire occurrence, intensity, and antibiotic
resistance in soil microbial communities. This may arise through a number of mechanisms such as cell lysis
from wildfire heat, co-selection on mobile genetic elements, and increased exposure to antibiotic fungal
secondary metabolites. Increases in wildfire occurrence will likely result in increases in ARG soil
concentrations, which presents a human health concern. Runoff and foot traffic through wildfire affected
areas could spread ARGs to new areas and increase the threat of antibiotic resistant infections. The
concentrations of antibiotics in the environment can be limited by reducing antibiotics used in agriculture
and the prescription of antibiotics for illnesses when a bacterial infection is not necessarily present.
Additionally, using ammonium sulfate-based fire retardants can increase heavy metals concentrations in
the soil which can result in the co-selection for antibiotic resistance genes. Using alternative fire
retardants that do not increase heavy metal solubility may slow the rate of ARG transfer between

microorganismes.
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4.2 Limitations and Future Research Directions

While the data presented here offer novel insights into the dynamics between soil microbes and
wildfires, there are several study limitations that affect their potential impact. One limitation for this study
was that it was conducted during the COVID-19 pandemic. Samples were initially collected for the
Woolsey fire in January 2020, at the start of the pandemic. By the time the study was underway, additional
samples could not be collected due to health concerns. Another limitation for the ARG portion of the study
was that gradient tests could not be conducted to determine perfect primer annealing temperatures due
to time constraints, as completing both the Illumina MiSeq sequencing and ARG tests were prioritized
over gradient testing. This may have resulted in antibiotic resistance genes that were not discovered due

to incorrect primer annealing temperature selection.

This study utilized intensity readings from satellite measurements for the Woolsey fire. While this
method results in accurate measurements of heat transfer, it does not measure temperatures of the soil.
Additionally, the fire characteristics (i.e., crown or surface) were not recorded, thus it is unknown whether
the fire was burning near the surface or in the treetops for each geographical location with the Woolsey
fire. This means that there could have been low intensity surface fires in the Woolsey fire that lingered,
resulting in greater soil temperatures and soil property changes than high intensity crown fires. However,
the pairwise comparisons for the Woolsey fire only showed one taxon, Gemmata, that significantly
decreased from control to low intensity. Thus, it is unlikely that the Woolsey wildfire had low intensity
fires that resulted in high soil temperatures, as this would likely cause a reduction in taxa abundance in
the pairwise comparisons from control to low intensity. This was not generally seen, as three families and
six genera increased relative abundance from control to low intensity, suggesting a benefit from low

intensity fires.
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While the Mesa and Williams Flats ash samples provided new insights into community
composition of ash at the family and genus level, only one sample was able to be taken from each location
and thus replicate samples could not be used to obtain average values. Additionally, while the Williams
Flats soil samples were taken from a high intensity burn area, it would have been beneficial to take depth
samples from areas with varying wildfire intensities. This would have allowed for an informative
comparison between depth and wildfire intensity. Finally, the Mesa depth samples were only at 15 and
50 centimeters and a wider range of depth samples would have been beneficial to compare to the

Williams Flats depth samples.

An additional limitation for both the community characterization and ARG goals of this thesis were
that Woolsey wildfire control samples were not obtained before the fire and unburned locations were
selected instead after the fire. While these unburned locations did not experience interaction with fire,
there could still be transport of microorganisms between burned and unburned locations through runoff,
air transport (e.g., ash, wind, etc.), and foot traffic. This could allow the microbial communities from
burned and unburned locations to mix, affecting the sequencing results. While it is difficult to predict
where a wildfire will occur, control samples collected before the wildfire would offer an even greater
understanding in the change of microbial community composition and would be able to show a clear
picture of change in the pre- and post-fire landscapes. Despite this limitation of control samples, this study

still presents valuable data.

While the findings from this thesis expand upon the current knowledge of impacted taxa from
wildfire events and offer new insights into ARG development post-fire, further research is needed.
Woolsey samples were collected one year after the wildfire where microbial communities could have a

chance to recover. Future studies should examine microbial community over time with exposure to a
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variety of wildfire intensities, to further categorize microbial community response over time to wildfire

intensity.

Future research for ARG development could involve using quantitative PCR (qPCR) to not only
identify the presence of ARGs post-fire but quantify them. This would allow researchers to examine
whether certain ARGs are selected for in greater numbers after a wildfire. Additionally, researching the
specific mechanisms of ARG transfer would be ideal, as understanding the cause behind ARG development

could allow future methods to combat the rise of antibiotic resistant infections.

A study involving experimental fire conditions at different temperatures (e.g., 100-500°C) and
examining microbe recovery over time would provide insights into the change in community composition
after wildfires with varying burn intensity. The samples from the Woolsey fire for intensity were taken
one year after the fire and examining changes between the time of burning and one year after the wildfire
would better categorize the effect on nutrient cycling microorganisms from wildfires over time. The
current study for community sequencing could be improved on by selecting control samples from an area
before it was burned by a wildfire and comparing those control samples to the post-fire soil samples to

examine community changes in one location pre- and post-fire.
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APPENDIX ONE: “DNA CONCENTRATIONS”

Table 6. DNA concentrations from wildfire affected soils. Mixed samples are vertically homogenized.

DNA Average
Fire Burn. Sam[?le Sample | Sample Concentration | Concentration
Intensity Location Type ID (Qubit; ng/ul) (ng/ul)
Saddle Peak 40 142
gz;akbassas | a1 13.6
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Road
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Control Sad.dle Peak Topsoil 38 15.1 324
Encinal
Canyon 39 43.2
Road
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Road Bottom
Saddle Peak soil 36 106 772
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94 102
Mixed 102 160 120
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Canyon
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93 98
Low Bostct):m 98 149 117
107 104
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99 45.6
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Bott 77 43.2
orom I og 33 29.0
soil
) 79 10.8
High
82 34.4
Mixed 88 56.6 44,7
90 43
< 84 19.8
anan 1 ropsoil | 87 68.4 47.9
Dume
89 55.4
Bott 73 3.98
ottom ™gq 4.76 10.8
soil
83 23.8
1 5.14
Topsoil 3 6.26 34.7
6 92.8
Kincad Unk Unk
incade nknown nknown - 5 528
ortom 1y 97.4 37.2
soil
5 11.9
9 20.2
Topsoil 10 7.66 20.4
12 33.4
Tubbs High Unknown
Bott 7 4.68
ottom g 17.2 19.4
soil
11 36.4
14 1.98
Ash 17 2.18 2.12
Williams High Unknown il: 15 - =
Flats SOl 23 30 30.00
cm
soil: 20-
40 em 21 18.9 18.90
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soil: 50

25 7.02 7.02
cm
soil: 40-
60 em 24 11.4 11.40
soil: 80-
100 cm 26 7.88 7.88
soil:
100- 22 4.08 4.08
120 cm
soil:
120- 29 0.496 0.50
140 cm
soil:
140- 30 0.44 0.44
160 cm
soil:
160- 31 0.328 0.33
180 cm
soil:
180- 32 out of range out of range
200
soil:
200- 33 out of range out of range
220
13 26
Ash 15 26 30.4
16 39.2
Mesa High Unknown soil: 15 57 18.6 18.60
cm
So'c'r'nso 28 2.98 2.98
Northstar | Unknown Unknown topsoil 19 10.1 10.10
Hayes Unknown Unknown topsoil 20 2.1 2.10
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APPENDIX TWO: “ANTIBIOTIC RESISTANCE GENE DATA”

Table 7. Antibiotic resistance gene (ARG) results for wildfire samples. A “+” indicates ARG presence, while
a “+*” indicates ARG presence with a low concentration. A “- “indicates no ARG presence in the sample.
For samples 1-12, the first letter “K” = Kincade Fire, “T” = Tubbs Fire and the last letter “T” = topsoil, “B”
= bottom soil. For samples 13-18, the first letter “M” = Mesa Fire, “F” = Williams Flats Fire and the “Ash”
denotes an ash sample. Sample 19 and 20 are topsoil samples from the Northstar (NT) and Hayes (JT)
fires, respectively. Samples 21-26 and 29-33 are Williams Flats soil depth samples, with the depths
displayed in the sample ID. Samples 27 and 28 are depth samples from the Mesa Fire with depths of 15
and 50 cm, respectively. Samples 34-114 are from the Woolsey Fire. Sample IDs correspond to the map in

Figure 2. Letter at end: T = topsoil B = bottom soil, H = vertically homogenized.

l\sjz::f)leer Sample ID m;r— fosA2 | optrA | cfr | sull | sul2 | tetM | tetB | tetO | tetW | ermF
1 KT - - - - - - - - - - ,
2 KB - - - - - - - - - - _
3 KT - - - - - - - - - - _
4 KB - - - - + + - - - - -
5 KB - - - - - - - - - - _
6 KT - - - - + - R - - R
7 TB - - - - - - - - - - _
8 TB - - - - - - - - - - -
9 TT - - - - - - - - - - ;
10 1T - - - - - - - - - - -
11 B - - - - - - - - - - -
12 1T - - - - - - - - - - -
13 MAsh - - - - |+ - - - - - -
14 FAsh - - - - - - - - - - §
15 MAsh - - - e |- ] - - ] ;
16 MAsh - - - e |- ] - - ] ;
17 FAsh - - - - | - - - - - |+ -
18 FAsh - - - - - - - - - - -
19 NT - - - - - - - - - - -
20 T - - - - - - - - - - i,
21 20-40 cm - - + - - - - - - - i,
2 100-120 i i i ) ) ) ) ) ] ] ]
cm
23 15cm - - + - - - - - - - -
24 40-60 cm - - +* - - - - - - - ;
25 50cm - - - - - - - - - - -
26 80-100 cm - - - - + - - - - - -
27 M15 - - - - - - - - - - _
28 M50 - - - - - - - - - - _
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29

120-140
cm

30

140-160
cm

31

160-180
cm

32

180-200
cm

33

200-220
cm

34

ClcT

35

ClaB

36

C1lbB

37

ClcB

38

ClbT

39

ClaT

40

ClbH

41

ClcH

42

ClaH

43

M4B

44

M4H

45

M4H

46

M4B

47

M4H

48

MA4T

49

M4B

50

MA4T

51

M4T

52

M78B

53

M7T

54

MS5T

55

M78B

56

MS5T

57

M7H

58

M5B

59

M7T

60

M7T

61

M5B

62

M6H

63

MS5T

64

M7H

65

M7H
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66

Mé6H

67

M5B

68

M78B

+¥

69

Mé6H

+¥

70

M5H

71

M5H

72

M5H

73

H9B

74

H8T

75

HaH

76

H8T

77

H8B

78

H8B

79

H8B

80

H8T

81

H9B

82

HOH

83

H9B

84

HIT

85

HaH

86

HaH

87

HIT

88

HOH

89

HOT

90

HOH

91

L3H

92

L3T

93

L2B

94

L2H

95

L2T

96

L3T

97

L2T

98

L2B

99

L3T

100

L3H

101

L2T

102

L2H

103

L3B

104

L3B

105

L3B

106

L3H

107

L2B
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108

L2H

109

M6T

110

M6B

111

M6B

112

MeT

113

MeT

114

M6B
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APPENDIX THREE: “COMMUNITY COMPOSITION OF MISCELLANIOUS FIRE SAMPLES”

Miscellanious Samples Family

100

H 2] -]
o o o
1 [ 1

Average Relative Abundance (%)
N
o
1

o
L

Sample Group

mmw  Chthoniobacteraceae mmm Chitinophagaceae
=== Micrococcaceae Hyphomicrobiaceae
mmm  Bacillaceae mmm  Pseudonocardiaceae
mmw  Conexibacteraceae mmm  Bradyrhizobiaceae
mmw  Oxalobacteraceae Rhodospirillaceae
Sphingomonadaceae Comamonadaceae
mmm  Nocardioidaceae Gemmatimonadaceae

Paenibacillaceae Sphingobacteriaceae

Streptomycetaceae
Geodermatophilaceae
Solirubrobacteraceae
Caldithrixaceae
Flexibacteraceae
Pedosphaeraceae
Thermoanaerobacteraceae
Solibacteraceae

$

Leuconostocaceae

Chromatiaceae
Rubrobacteraceae
Mycobacteriaceae
Rhodocyclaceae
Xanthomonadaceae
Other

Figure 16. Soil family composition in wildfire affected soils. Naming scheme: First letter: “K” = Kincade
Fire, “T” = Tubbs Fire, “N” = Northstar Fire, “J” = Hayes Fire; Last letter: “T” = topsoil (0-3 inches below
surface), “B” = bottom soil (3-6 inches below surface).
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Average Relative Abundance (%)

100

80+

60—

20+

&

Chthoniobacter
Arthrobacter
Bacillus
Conexibacter
Janthinobacterium
Kaistobacter
Cohnella
Gemmatimonas
Rhodoplanes
Pedobacter
Nocardioides
Solirubrobacter
Caldithrix
Pedosphaera
Streptomyces
Saccharopolyspora

Miscellanious Samples Genus

&

L

Sample Group

Candidatus Solibacter
Sphingomonas
Rubrobacter
Oenococcus
Segetibacter
Azospirillum
Mycobacterium
Candidatus Koribacter
Kribbella

Ramlibacter
Desulfovibrio
Oxalobacter
Paenibacillus
Aeromicrobium
Flavisolibacter
Pseudonocardia

Megasphaera
Adhaeribacter
Bradyrhizobium
Gemmata
Clostridium
Chondromyces
Opitutus
Modestobacter
Flavobacterium
Blastococcus
Balneimonas
Pseudomonas
Devosia
Thermodesulfovibrio
Euzebya
Actinoallomurus

$
Afipia
Phenylobacterium
Haliangium

Geodermatophilus
Singulisphaera
Edaphobacter
Candidatus Scalindua
Dokdonella
Vogesella
Actinokineospora
Chitinophaga
Amycolatopsis
Runella
Cystobacter
Prosthecobacter
Other

Figure 17. Soil genus composition in wildfire affected soils. Naming scheme: First letter: “K” = Kincade

Fire, “T”

= Tubbs Fire, “N” =

surface), “B” = bottom soil (3-6 inches below surface).
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Northstar Fire, “J” = Hayes Fire; Last letter: “T” = topsoil (0-3 inches below



