
Wildfire Ashes from the Wildland-Urban Interface Alter Vibrio

vulnificus Growth and Gene Expression

Karlen Enid Correa Velez, Mahbub Alam, Mohammed A. Baalousha, and R. Sean Norman*

Cite This: Environ. Sci. Technol. 2024, 58, 8169−8181 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Climate change-induced stressors are contributing
to the emergence of infectious diseases, including those caused by
marine bacterial pathogens such as Vibrio spp. These stressors alter
Vibrio temporal and geographical distribution, resulting in
increased spread, exposure, and infection rates, thus facilitating
greater Vibrio−human interactions. Concurrently, wildfires are
increasing in size, severity, frequency, and spread in the built
environment due to climate change, resulting in the emission of
contaminants of emerging concern. This study aimed to under-
stand the potential e�ects of urban interface wildfire ashes on
Vibrio vulnificus (V. vulnificus) growth and gene expression using
transcriptomic approaches. V. vulnificus was exposed to structural
and vegetation ashes and analyzed to identify di�erentially
expressed genes using the HTSeq-DESeq2 strategy. Exposure to wildfire ash altered V. vulnificus growth and gene expression,
depending on the trace metal composition of the ash. The high Fe content of the vegetation ash enhanced bacterial growth, while the
high Cu, As, and Cr content of the structural ash suppressed growth. Additionally, the overall pattern of upregulated genes and
pathways suggests increased virulence potential due to the selection of metal- and antibiotic-resistant strains. Therefore, mixed fire
ashes transported and deposited into coastal zones may lead to the selection of environmental reservoirs of Vibrio strains with
enhanced antibiotic resistance profiles, increasing public health risk.
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1. INTRODUCTION

Climate change is causing unprecedented ecological changes
and a�ecting the environment at di�erent levels worldwide.
For example, ocean surface warming has accelerated in the past
decade to 0.280 ± 0.068 °C per decade, the ocean pH has
declined (0.1 since the Industrial Revolution), and the sea level
has increased by 3.3 ± 0.4 mm yr−1.1,2 These e�ects are
especially pronounced in coastal areas experiencing climate-
linked stressors such as temperature increases, sea-level rise,
altered salinity and pH, and increased frequency of anomalous
weather events.3,4 These climate-linked stressors are altering
temporal and geographical distribution patterns in diseases
sensitive to environmental changes, such as Vibrio infections,
including those caused by Vibrio vulnificus (V. vulnificus) and
Vibrio parahemolyticus.5−7 During the past decades, the
number of Vibrio infections has increased in the United States,
and the same trend has been observed worldwide, even in
higher latitudes where environmental conditions previously
were considered adverse for Vibrio proliferation.8−12 Vibrio
usually inhabits warm (≥15 °C) estuarine and marine
environments with low and moderate salinity (5 to 25 ppt),
where temperature and salinity modulate the distribution and
abundance.13−17 The poleward spread and the increase in

Vibrio infections have been correlated with the altered
geographical constraints driven by warming seawater temper-
atures and sea-level rise, increasing the human disease burden
globally.6,18 The model developed by Archer et al. indicated
that climate change has a�ected V. vulnificus infection
distribution and the number of cases in the Eastern USA.18

Another study examined vibriosis cases following the landfall of
Hurricane Ian in Florida, which resulted in 38 cases and 11
vibriosis-associated deaths.19 In addition to anomalous rainfall
and storm surge, changes in sea surface temperature and
chlorophyll concentration during and after the hurricane
favored Vibrio growth, increasing Vibrio−human interactions.20

From a public health perspective, Vibrio vulnificus is the
greatest concern because it is responsible for more than 95% of
seafood-related deaths in the USA.21 V. vulnificus is an invasive
opportunistic pathogen for humans and marine animals that
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can be transmitted by contact or ingestion. While not all strains
are pathogenic, those that can cause infection typically possess
specific virulence factors, including acid neutralization, capsular
polysaccharide expression, iron acquisition, cytotoxicity,
motility, and the expression of certain proteins involved in
attachment and adhesion.21 The presence of these factors has
been linked to increased pathogenicity.22 V. vulnificus uses acid
neutralization mechanisms, such as the cadBA system, to
survive in acidic environments such as the human stomach
when ingested.23 V. vulnificus capsular polysaccharide ex-
pression plays a critical role in the evasion of the host immune
system by conferring an antiphagocytic ability and resistance to
complement-mediated killing.24 V. vulnificus obtains iron from
blood through various iron acquisition systems that can
enhance growth and proliferation in the host.25 Studies
analyzing the transcriptome of diverse biotypes of V. vulnificus
have revealed that external factors such as environmental cues,
nutrient levels, and temperature can activate a host-specific
virulence profile.26−30 Exposure to these abiotic and biotic
stressors activates Vibrio response and adaptative mechanisms
to colonize and persist in natural environments and provides
preadaptation for survival in a human host.27,31,32 Studies have
correlated the occurrence of pathogenic Vibrio with changes in
environmental parameters and anthropogenic pressures.33

Recent studies suggest that V. vulnificus populations can be
classified into four distinct clusters as a result of their genetic
diversity, ecological characteristics, and ecological selective
pressures that contribute to the emergence of new strains. This
finding has led to concerns regarding the potential emergence
of strains with increased virulence potential due to their high
genome plasticity.34,35 It has been suggested that climate
hazards, demographic changes, and population growth in
coastal areas are key factors in the increase in Vibrio−human
interactions.36,18

Climate change is also impacting wildfires, which are
increasing in size, severity, frequency, and spread into the
built environment, resulting in the emission of contaminants of
emerging concern.37−39When a fire occurs, various pollutants
are released and become concentrated in the ashes, which
include metals, metalloids, incidental nanomaterials, chemicals,
and organic contaminants, among other substances.40,41

Wildfires that occur at the wildland-urban interface (WUI),
where the built environment and wildland vegetation
intermingle, release construction-related chemicals into the
environment, posing a significant threat to water and air
quality, as well as the health of individuals in the surrounding
areas.42,43 For example, the ashes produced by a burned
building in the WUI can contain high levels of di�erent trace
metals such as Pb, Cr, As, Cu, and Zn.44,45 Ashes with elevated
concentrations of Cr, As, and Cu can be generated from
chromated copper arsenic-treated wood that has been used for
construction since 1930.46,47 Fire ashes enriched with these
metals and other contaminants can be broadly transported
through smoke plumes and runo� into ecosystems suitable for
Vibrio proliferation, creating a potential mechanism that may
alter Vibrio growth patterns and virulence profiles. To date,
there is limited information about how these fire-emitted
contaminants can a�ect the bacterial communities in estuaries
and coastal zones, including Vibrio spp.

This study examined the potential e�ect of wildfire ashes on
Vibrio growth by exposing a strain of V. vulnificus to di�erent
wildfire ashes from the wildland-urban interface zone and using
transcriptomic analysis to identify genes and mechanisms that

are di�erentially regulated in the presence of structural and
vegetation ashes. A better understanding of how V. vulnificus
responds to the input of wildfire ashes and the mechanisms
involved will aid in the development of comprehensive models
for predicting potential Vibrio outbreaks, raising health risk
awareness in coastal regions.

2. MATERIALS AND METHODS

2.1. Fire Ash Description. Two fire ashes representing
structural (A24) and vegetation ashes (A31) were used to
examine the potential impact of wildland-urban interface fire
ashes on coastal microbial communities using the type strain V.
vulnificus 324 (ATCC 27562) as a model of an opportunist
human and animal pathogen. V. vulnificus serves as a model
organism for studying coastal microbial communities because
it naturally occurs in estuarine and coastal environments, and
its presence and abundance are closely tied to environmental
factors, especially temperature, salinity, and nutrient avail-
ability. Monitoring V. vulnificus populations helps assess the
impact of climate change and pollution on coastal microbial
communities. V. vulnificus can also cause severe infections in
humans, making it a useful model to understand the
interactions between human health and coastal conditions.
This strain was isolated from the blood of an individual
following exposure to seawater containing lactose-positive,
halophilic Vibrio bacteria and has been used as a reference for
clinical strains.48 The fire ashes were collected from the LNU
Lightning Complex Fire site that burned during the 2020
California fire season. Samples were collected prior to any rain
or other precipitation with disposable plastic scoops and placed
in zippered plastic bags. The structural ash used in this study
was a dark-green ash sample that was collected from a burned
residential structure foundation and is representative of
structural ash originating from copper-chromated arsenate-
treated wood. While the chemical composition of structural
ash varies significantly by the burned material, the structural
ash used in this study is representative of the copper chromate
arsenate-treated wood ashes that have been reported in other
wildland-urban interface fires. A31 vegetation ash is gray ash
from burned chaparral (charred manzanita and some pine)
that represents the typical chemical composition found in
vegetation ash in wildfires. The elemental compositions of A24
structural ash and A31 vegetation ash are presented in detail in
previous publications.45,49 The A24 and A31 ashes described in
the previous publications are referred to as structural and
vegetation ash, respectively, in the subsequent sections of this
manuscript. Briefly, the elemental composition of structural ash
is characterized by high concentrations of Cr (183 ± 15 g of
kg1−), Cu (116 ± 17 g of kg1−), and As (44 ± 4 mg of kg1−).
Cr, Cu, and As account for 91% of the concentrations of all
measured elements. In contrast, the elemental composition of
vegetation ash is characterized by high concentrations of Fe
(62 ± 3 g kg1−), Al (28 ± 2 g kg1−), and Ca (16 ± 2 g kg1−),
which account for 93.3% of the concentrations of all measured
elements (Figure S1).

2.2. Concentration−Response Analysis of the E/ect
of Fire Ashes on V. vulnificus. To define the sublethal
concentration of fire ash to be used in subsequent V. vulnificus
transcriptomic studies, a dose−response experiment was
performed to assess the e�ect of the fire ash concentration
on bacterial growth. V. vulnificus was grown at 30 °C in 96-well
plates containing three replicates of each fire ash condition.
Experimental conditions consisted of di�erent amounts of fire
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ash suspended in modified seawater yeast extract (MSYE),
giving final culture media concentrations of 0 (control), 5, 10,
25, 50, 75, 100, and 150 mg L−1 based on the Cu and Fe
content in structural ash and vegetation ash, respectively.50 For
the structural ash, concentrations were based on the Cu
content due to its common use as a biocide and background
studies examining the minimal inhibitory concentrations across
a range of bacteria, providing an initial range for the V.
vulnificus concentration−response analysis. The fire ash
amount and the relevant metal content concentrations for all
conditions are shown in Table S1. Modified seawater yeast
extract was used to provide a suAcient carbon source to assess
the e�ect of fire ash on bacterial growth. In the experimental
conditions, 10 μL of diluted 1:10 overnight fresh V. vulnificus
culture (8 h) was used as an inoculum, and no bacteria-added
controls were included as negative controls. The optical
density at 600 nm (OD600) of each replicate was measured
hourly for 24 h using a Victor X3 plate reader (PerkinElmer,
Waltham, MA, USA) to determine bacterial growth. The
background-subtracted OD data was used to model growth
curves using the Gaussian process regression, and model-
predicted OD's were used to estimate the growth rate for each
treatment using the Analysis of Microbial Growth Assays
(AMiGA) program.51 The bacterial growth rates of V. vulnificus
obtained from the AMiGA analysis were calculated as

( )ln OD
t

d

d
. Di�erent models were tested to find the best fit

using the “drc” package in R.52 The growth rate data were
fitted using a four-parameter log−logistic model (LL.4) with
the lower limit equal to 0 to restrict the model parameters to
biologically relevant estimates and determine the half-maximal
e�ective concentration (EC50) values.52 The EC50 values were
compared using the “EDcomp” function, where the null
hypothesis was that the ratio equals 1. The dose−response
model was visualized with the “plot” function using R and
RStudio.52−54

2.3. Fire Ash Exposure Transcriptomic Study. To
examine the e�ects of wildland-urban interface fire ashes on
bacterial growth and gene expression, V. vulnificus was initially
grown in MSYE at 30 °C until it reached the exponential phase
(OD 0.4). One mL of the V. vulnificus culture was then used as
an inoculum in 59 mL of ash suspension media for the
structural and vegetation ash conditions, obtaining a final
dilution of 1:60 (v/v) of the culture (Figure S2). Sublethal
exposure conditions consisted of MSYE with a suspension of
A24 structural ash (12.75 mg of ash in 60 mL of media
equivalent to ∼25 mg L−1 Cu, ∼39 mg L−1 Cr, and ∼9 mg L−1

As) and A31 vegetation ash (22.87 mg of ash in 60 mL of
media equivalent to ∼25 mg L−1 Fe, ∼11 mg L−1 Al, and ∼6
mg L−1 Ca). Briefly, a given mass of ash was suspended in 60
mL of MSYE media to obtain the final metal concentrations
stated above. Dissolved metal concentrations were allowed to
reach equilibrium prior to Vibrio inoculation to ensure
exposure to similar metal states (dissolved versus particulate)
across all experimental conditions. Exposure cultures were
grown in 250 mL flasks for 24 h at 30 °C with shaking at 220
rpm, and three biological replicates were performed for each
condition. No bacteria-added cultures were also included as a
control. The OD600 of the cultures was measured every 2 h for
structural ash and hourly for vegetation ash using a Victor X3
plate reader to determine the bacterial growth stage. At three
di�erent time points (8, 16, and 24 h for structural ash and 3,
6, and 8 h for vegetation ash), 10 mL of each culture was

collected and treated with Qiagen RNAprotect (Qiagen,
Germantown, MD, USA) for immediate RNase inactivation
and RNA stabilization to preserve the gene expression profile.
RNA-stabilized samples were centrifuged at 6000g for 10 min,
and the cell pellets were used for nucleic acid extraction. To
ensure that the samples were collected from similar growth
stages, the collection time point di�ers between the two fire
ashes based on the bacterial growth rate. In addition, 4 mL of
each culture was collected and filtered for the dissolved metal
analysis.

2.4. RNA Extraction, Library Preparation, and
Sequencing. RNA was extracted using an RNeasy Mini kit
(Qiagen, Germantown, MD, USA) following the manufac-
turer’s instructions. Briefly, three replicates of each condition
were performed, and total RNA was extracted from cell pellets
of structural and vegetation ash cultures. Gene expression
analysis was limited to the 3 (vegetation ash) and 8 h
(structural ash) time points (OD600: 0.024 for vegetation ash
and 0.069 for structural ash) to obtain samples from similar
growth stages and minimize the e�ect of growth stage-
dependent gene expression. The RNA samples extracted from
the additional time points not included in the analysis (16 and
24 h for the structural ash condition and 6 and 8 h for
vegetation ash) were stored at −80 °C. RNA quantity was
measured using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) and a Qubit RNA high-
sensitivity assay (Invitrogen by Thermo Fisher Scientific,
Waltham, MA, USA). Ribosomal RNA was depleted from the
total RNA using an NEBNext rRNA depletion kit (New
England Biolabs, Ipswich, MA, USA), and the quality and
quantity of the remaining mRNA were assessed using an
Agilent bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA) with the RNA 6000 Pico assay. Purified mRNA was used
to prepare individually barcoded RNA-seq libraries using an
NEBNext Ultra II directional RNA library prep kit (New
England BioLabs, Ipswich, MA, USA) according to the
manufacturer’s instructions for intact RNA (RNA integrity
number (RIN) > 7). All the samples used in this study had a
RIN ≥ 7.2. The RNA-seq libraries were sequenced on an
Illumina HiSeq DNA sequencer with 2 × 150 bp paired-end
reads. All raw sequencing data were deposited into the
Genbank Sequence Read Archive (SRA) database under the
BioProject accession number PRJNA1010168.

2.5. RNA-seq Analysis and Visualization. Raw sequence
reads were quality and adapter trimmed using fastp (v.0.20.0)
with the following parameters: --3 (drop the bases in the 3′

end if the mean quality is lower of the cut mean quality) and -y
(low complexity filter) (Table S2).55 Cleaned RNA-seq reads
were aligned against the V. vulnificus NBRC 15645 reference
genome (GenBank Access ions: CP012882.1 and
CP012881.1), annotated, and analyzed to find di�erentially
expressed genes using the HTSeq-DESeq2 strategy in the
Bacterial and Viral Bioinformatic Resource Center (BV-BRC)
analysis tool.56 The HTSeq-DESeq2 strategy used Bowtie 2,
HTSeq, and DESeq2 to align, estimate abundance and raw
counts, and compare samples, respectively.57−59 The default
parameters were used for transcript analysis. DESEq2
calculated the Log2 fold change and the fold change
significance. The no-ash condition (control) was treated as
the baseline condition for the analysis. The statistical
significance threshold for di�erential gene expression was an
FDR-adjusted p-value less than or equal to 0.05.
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To visualize the significantly di�erent expressed genes
during the exposure, a heat map was generated from the
transcript per million (TPM) values using the Complex-
Heatmap package using the “Heatmap” function, and func-
tional categories were visualized using the “ggplot2” package
using R and RStudio.53,54,60−62 A principal component analysis
(PCA) was generated to visualize the di�erences among the
treatments in an overall analysis using the “prcomp” function
and the “ggbiplot” package in R and RStudio.53,54,63 The PCA
values were calculated from the gene expression (TPM values)
across the sample conditions.

2.6. Dissolved Metal Concentration. Four mL of each
culture containing the A24 and A31 suspension was filtered
through a 3 kDa Amicon ultracentrifugal filter (Merck
Millipore Ltd., Ireland) by centrifugation at 4000 rpm for 20
min. The filtrates were acidified by adding 0.57 μL of distilled
HNO3 (trace metal grade, Fisher Chemical, Fair Lawn, NJ,
USA) to obtain a final concentration of 1% HNO3. The metal
concentrations were determined using an inductively coupled
plasma-time-of-flight-mass spectrometer (ICP-TOF-MS, TOF-
WERK, Thun, Switzerland). Mass spectral calibration and
routine tuning were performed before analysis to achieve
maximum sensitivity. Elemental concentration calibration was
established using a series of ionic standards prepared in 1%
HNO3 from commercially available ICP multielement stand-
ards (BDH Chemicals, Radnor, PA, USA) with concentrations
ranging from 0.001 to 100 μg L−1. Internal standards (ICP
Internal Element Group Calibration Standard, BDH Chem-
icals, Radnor, PA, USA) were used to monitor the signal drift
for quality control. The instrument operating conditions are
presented in Table S3, and the monitored isotopes are listed in
Table S4.

3. RESULTS AND DISCUSSION

3.1. Vibrio vulnificus Growth Rate Follows a Dose-
Dependent Response to Fire Ash Concentration. The
dose−response curves of the e�ects of fire ashes on V. vulnificus
showed a decreasing growth rate as a function of increasing fire
ash concentrations, suggesting that both fire ashes are toxic and

suppress bacterial growth at di�erent levels (Figure 1). The
EC50 value of structural ash (18.32 ± 4.38 mg L−1) was five
times lower than that of vegetation ash (91.56 ± 11.77 mg
L−1), indicating that the structural ash resulted in higher
toxicity to V. vulnificus. The estimated ratio of the EC50 values
(0.20009) di�ers from 1, rejecting the null hypothesis,
meaning that the EC50 values are significantly di�erent (p <
0.001). The level of toxicity of the fire ash is suggested to be
determined by the fire ash composition.

The dose−response analysis showed that the fire ashes,
structural and vegetation, di�er in toxicity, suggesting di�er-
ences in bacterial growth parameters. The dose−response also
suggested that the 25 mg L−1 concentration based on the Cu
(structural ash) and Fe (vegetation ash) ash content was ideal
to assess the sublethal e�ect of both fire ashes on V. vulnificus
in the transcriptomic analysis. This concentration of structural
and vegetation ash resulted in a decrease in the bacterial
growth rate. However, the bacteria were able to proliferate,
suggesting a sublethal e�ect of the fire ashes and a potential
bacterial stress response. From an environmental perspective,
while studies examining metal concentration in receiving
waters following a wildland-urban interface fire are limited, the
selected concentrations used in this study are relevant to the
concentration of metals found in postfire soils and fire ashes.64

For example, U.S. Geological Survey (USGS) found elevated
amounts of As (up to 140 mg kg−1), Pb (up to 344 mg kg−1),
Cr (up to 354 mg kg−1), Cu (up to 1370 mg kg−1), and Zn (up
to 2800 mg kg−1) in collected ash and burned soil samples
from southern California forest fire areas during October
2007.65

3.2. Wildland-Urban Interface Structural Ash Sup-
pressed Vibrio vulnificus Growth and Upregulated
Genes Associated with Antibiotic and Metal Resistance.
Vibrio vulnificus growth was suppressed by the presence of the
A24 structural ash containing high concentrations of Cr, Cu,
and As (Figure 2), resulting in an 82% decrease in the bacterial
growth rate for the structural ash cultures (0.0323) compared
to the no-ash control cultures (0.1838). Analysis of dissolved
metals confirmed high dissolved Cr, Cu, and As concentrations
in the control media containing structural ash, and the
concentrations remained nearly constant throughout the
exposure time (Figure S3). These results indicated that the
dissolved metal concentration reached equilibrium prior to the
start of the exposure and that V. vulnificus were exposed to the
same form (e.g., dissolved vs particulate) of the metal
throughout the entire exposure. In the presence of V. vulnificus,
the experimental exposure conditions reflected a slight
decrease in concentrations over time, which can be attributed
to bacterial metal uptake or metal sorption to other
particulates, or a combination of both mechanisms (Figure
S3). Bacterial exposure to heavy metals can modulate their
growth, physiology, cellular viability, and even biofilm
formation.66,67 A recent study has shown that simultaneous
exposure to multiple heavy metals can result in a lower
bacterial growth rate and growth yield as compared to
individual metal exposures and result in a stress response
di�erent from the individual metal responses.67 Studies
examining the impacts of mixed metal exposure on Vibrio are
limited, but studies where Vibrio isolates have been exposed to
individual metals showed tolerance to Cr (0.4−3.2 g L−1), Cu
(0.5−3.2 g L−1), and other heavy metals.67−69 A previous study
where Vibrio fischeri was exposed to Zn, Cu, and Cd showed
that mixed metal exposures could have synergistic or

Figure 1. Concentration−response curve of the V. vulnificus growth
rate after exposure to di�erent structural and vegetation fire ash
concentrations. The regression curves were modeled using a four-
parameter log−logistic model function. The predicted model and the
EC50 value for structural ash are shown as a solid line and for
vegetation ash as a dashed line. The mean of the observed growth rate
is represented by a circle (structural ash) and a triangle (vegetation
ash).
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antagonistic e�ects on the growth depending on the combined
metals.70

To examine the sublethal e�ects of wildfire ashes and their
metal composition on V. vulnificus gene expression, an RNA-
seq analysis was performed to identify genes and mechanisms
involved in the stress response to the exposure. The
transcriptomic profile was examined at the 8 h time point in

the structural ash cultures to minimize the e�ect of the growth
stage-dependent changes in gene expression. Approximately
16.6 to 28 million total reads per replicate (Table S2) were
annotated using the V. vulnificus NBRC 15645 reference
genome in the BV-BRC analysis tool. A total of 4,427 open
reading frames (ORFs) were identified, and transcript
abundances were compared between conditions. As compared

Figure 2. Bacterial growth of V. vulnificus ATCC 27562 in modified seawater yeast extract containing wildland-urban interface fire ashes. The
exposure of V. vulnificus ATCC 27562 to two types of fire ashes showed enhanced bacterial growth in the vegetation ashes with a high iron content
(gray lines) and suppressed growth in the structural ashes containing copper, arsenic, and chromium (green lines). The control condition, no ashes,
is represented by the blue lines. The solid lines represent a pilot study where V. vulnificus was grown in experimental conditions in a 96-well plate
for 24 h. The dashed lines represent the bacterial growth during the transcriptomic exposure study, where the optical density was measured every 2
h for the structural ash and hourly for the vegetation due to the di�erence in toxicity determined by the dose−response analysis.

Figure 3. Significantly di�erent expressed V. vulnificus genes across functional categories in the structural ash exposure. The heat map shows the
transcripts per million of V. vulnificus significantly di�erent expressed genes (FDR-adjusted p-value of ≤0.05) in the structural ash condition as
compared with the control (no ash). The box plot shows functional categories with major expression di�erences between the control and
experimental conditions. Blue represents the control condition, and green represents the structural ash experimental condition.
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to the control without ashes, exposure to structural ash
resulted in significantly di�erent expression of 278 genes (183
upregulated and 95 downregulated [FDR-adjusted p-value of
≤0.05; fold change Log2 ≥ |1|]). The Log2 fold change in
TPM for the structural ash exposure at 8 h varied between 1.00
to 10.7 for upregulated genes and from −1.00 to −5.77 for
downregulated genes. A complete list of significant di�er-
entially expressed genes in V. vulnificus exposed to structural
ash can be found in Table S5. The principal component
analysis (PCA) indicated that the global expression profile

di�ers between exposure conditions and shows similarity
among the biological replicates (Figure S4). The first
component (PC1) explained 95.0% of the variation, and the
second component (PC2) explained 4.6%. The transcriptomic
analysis revealed a consistent di�erential expression in genes
related to the cell envelope, cellular process, and membrane
transport functional categories, as shown in Figure 3. The
exposure of V. vulnificus to structural ash at environmentally
relevant concentrations resulted in upregulated genes and
mechanisms related to metal resistance and multidrug eTux
pump systems, suggesting a possible coresistance for both
metal and antibiotic resistance as an adaptative stress response
to the dissolved metals in the ash experimental condition
(Table S6). No significant changes in Vibrio genes related to
PAH degradation (e.g., dioxygenase genes) were observed,
suggesting minimal e�ects from potential ash-associated PAH
exposure.

Cu is an essential trace metal that is used as a cofactor in
various proteins due to its redox potential and is involved in
metabolic functions such as electron transport and denitrifi-
cation.71−73 High concentrations of Cu can be highly toxic, but
many Gram-negative bacteria have regulatory mechanisms that
can recognize changes in Cu concentration and maintain a
balance that allows essential biochemical processes while
preventing the accumulation of toxic levels.74,75 This study
showed that V. vulnificus exposure to excessive Cu concen-
trations generated by the structural ash dissolved metals
triggers a V. vulnificus copper response, where cueR (fig|

Figure 4. Significantly di�erent expressed Vibrio vulnificus genes across functional categories in the vegetation ash exposure. The heat map shows
the transcripts per million of V. vulnificus significantly di�erent expressed genes (FDR-adjusted p-value of ≤0.05) in the vegetation ash conditions as
compared with the control (no ash). The box plot shows functional categories with major expression di�erences between the control and
experimental conditions. Blue represents the control condition, and gray represents the vegetation ash experimental condition.

Figure 5. Fold change of V. vulnificus genes related to metal and
antibiotic resistance in structural ash and vegetation ash exposure. Box
plots represent the fold change of V. vulnificus genes related to
antibiotic and metal resistance when exposed to WUI fire ash as
compared to the no-ash control. The green color represents the
response to structural ash, and the gray color represents the response
to vegetation ash.
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1219061.29.peg.1324, copper resistance transcriptional regu-
lator, fold change Log2 = 1.89) activates the expression of Cu
homeostasis genes. cueR drives the expression of the copper
translocating P-type ATPase (fig|1219061.29.peg.2177, copA)
that exports Cu(I) from the cytoplasm to the periplasm and
where a multicopper oxidase (fig|1219061.29.peg.2867, cueO)
converts Cu(I) to the less toxic Cu(II) form. The upregulation
of cusA (fig|1219061.29.peg.694, fold change Log2 = 1.40) was
also observed, suggesting that the cusCFBA system extrudes Cu
from the periplasm. These copper tolerance mechanisms have
been well-documented in Escherichia coli, Vibrio alginolyticus,
Vibrio cholerae (V. cholera), and other Gram-negative
bacteria.76−78 Transcriptomic profiles also showed an
upregulation of the cpxA (fig|1219061.29.peg.3114) and cpxR
(fig|1219061.29.peg.3115) genes, suggesting that the Cu levels
are toxic to the cell. Cu toxicity can be reflected in the cell
envelope when the periplasmic Cu(I) inhibits protein
maturation by binding to a conserved acyl-accepting N-
terminal cysteine residue. A cell envelope stress response is
coordinated by the two-component regulator system, cpxAR,
to adapt to these high Cu levels.79 Briefly, cpxA detects the
accumulation of the outer membrane lipoproteins and
regulates the expression of cpxR, repressing the copper-
sensitive lipoprotein biosynthesis and inducing the production
of maturation enzymes.80,81 Cpx response has been described
as a mechanism in V. cholera to mediate adaptation to envelope
perturbations caused by toxic compounds and iron depletion.82

Another gene that was expressed during the structural ash
exposure was cutC (fig|1219061.29.peg.2356), which has been

documented to be involved in maintaining Cu homeostasis in
bacteria.83−85

The V. vulnificus transcriptomic profile also suggested an
adaptive response to increased arsenic by upregulating the
expression of the arsJ gene (fig|1219061.29.peg.3025; fold
change Log2 = 2.13), which encodes a major facilitator
superfamily (MSF)-type eTux pump for 1-arseno-3-phospho-
glycerate (1As3PGA). Chen et al. proposed a response
mechanism where intracellular pentavalent arsenate is
converted to 1As3PGA by the glyceraldehyde-3-phosphate
dehydrogenase enzyme and extruded from the cell by arsJ,
conferring arsenic resistance.86 A recent study proposed a new
mechanism in V. cholerae for arsenate detoxification, suggesting
that 1As3PG is dissociated by a putative uncharacterized
phosphatase (varH) to enable the extrusion of free arsenate
through ArsJ.87

Another trace metal present during the structural ash
exposure was Cr, and the transcriptomic analysis showed
downregulation of the chromate-resistance determinant, chrA,
which encodes a chromate transport protein.88,89 While chrA
expression was suppressed, it is possible that other
mechanisms, such as ATP-binding cassette (ABC) trans-
porters, may contribute to chromate eTux from the cytoplasm,
aiding in Cr resistance. For instance, exposure to structural ash
increased the expression of genes related to membrane
transport solute binding protein-dependent systems, partic-
ularly ABC transporters (fig|1219061.29.peg.2925, fig|

1219061.29.peg.3992, and fig|1219061.29.peg.2089). ABC
transporters are crucial for Gram-negative bacteria as they

Figure 6. Conceptual model of altered Vibrio vulnificus gene expression or pathways as a response to wildland-urban interface fire ash (A24
structural ash and A31 vegetation ash). This conceptual model summarizes the notable V. vulnificus expressed genes in the bacterial response to the
WUI fire ash exposures, as compared with the no-ash control. A24 represents the response to structural ash, and A31 represents the response to
vegetation ash. The text color indicated if the gene or pathway was upregulated or downregulated on the basis of the no-ash control and if the
expression was significantly di�erent from the control. The green and red colors represent significantly upregulated and significantly downregulated
genes, respectively. The blue and orange colors represent upregulated and downregulated genes that are not significantly di�erent compared to the
control, respectively.
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facilitate the uptake of vital nutrients, transport bacterial
products, and contribute to pathogenicity.90−93 They also
possess the unique ability to translocate various substrates,
from metal ions to proteins including xenobiotics, and can act
as importers or exporters.94,95

Furthermore, multidrug eTux system components were
upregulated, particularly the Bcr/CflA family multidrug
resistance transporter (fig|1219061.29.peg.888 and fig|

1219061.29.peg.4130) and tripartite multidrug resistance
system (fig|1219061.29.peg.759). Pathogenic bacteria use
multidrug eTux pumps to transport various molecules,
including antibiotics, into and out of the cell. This mechanism
reduces intracellular metal concentrations and plays a
significant role in colonization and dissemination during host
infection and allows bacteria to extrude innate host defenses.96

Studies have shown that the Bcr/CflA family transporter can
confer resistance to chloramphenicol, florfenicol, and bicyclo-
mycin by actively transporting these compounds out of the
cell.97−99 A putative multidrug eTux pump (EmrD) that
shared homology with the Bcr/CflA subfamily has also been
identified in V. cholerae.100

Overall, the pattern of upregulated genes suggests that
exposure to structural ash such as A24 ash can trigger a metal
and antibiotic coselection response in V. vulnificus. This
coselection can occur when both metal and antibiotic
resistance genes are present in the bacterial genome
(coresistance) or when a singular mechanism can confer
resistance to di�erent compounds, for example, certain eTux
pumps (cross-resistance/coregulation).101−104 Previous studies
have suggested that exposure to heavy metals can play a role in
the coselection and proliferation of antibiotic-resistant
bacteria.105−107 Recent studies have indicated that subinhibi-
tory concentrations of heavy metals in the environment,
including copper, enhance antibiotic resistance by inducing
mutagenesis in bacteria.108,109 Cu exposure also appears to
increase the potential for horizontal transfer of antibiotic-
resistant genes in the environment.110,111

3.3. Wildland-Urban Interface Vegetation Ash En-
hanced Vibrio vulnificus Growth and Upregulated Gene
Associated with Metabolism. The mobilization of wildfire
ashes by wind or water into the surrounding environments,
including the ocean, has been correlated with increases in iron
levels.112,113 In contrast to the structural ash, V. vulnificus
growth was enhanced during the vegetation ash exposure
where the growth rate increased by 46% (0.2692) as compared
to the control condition (no ash, 0.1838) as shown in Figure 2.
It is important to mention that this increase in growth occurs
in the sublethal metal concentrations, and the response can
change depending on the fire ash concentration. The dissolved
metal analysis showed that dissolved Fe concentrations were
below the detection limit for vegetation ash in the presence
and absence of V. vulnificus (Figure S3). In this case, while Fe
was present in all exposure studies, it formed insoluble
aggregates with media components and was removed during
the ultrafiltration step of sample processing. Thus, during the
vegetation ash experiments, V. vulnificus is likely exposed more
to Fe aggregates as compared to dissolved Fe. Fe availability is
considered a crucial factor in V. vulnificus growth and survival
during human host infections and constitutes the major
bacteriostatic limitation in human serum.114−116

The transcriptomic profile was examined at the 3 h time
point, representing the exponential growth phase in the
vegetation ash conditions, to minimize the e�ect of the growth

stage-dependent changes in gene expression. A total of 48.3 to
101.6 million sequences per replicate were annotated to the
reference genome, resulting in 4427 ORFs (Table S2). The
transcript abundances were compared between the exposure to
the vegetation ash and without ash resulting in significantly
di�erent expression of 132 genes (82 upregulated and 50
downregulated [FDR-adjusted p-value of ≤0.05; fold change
Log2 ≥ |1|]). The Log2 fold change in TPM for the vegetation
ash exposure varied between 1.00 and 3.39 for upregulated
genes and from −1.00 to −3.39 for downregulated genes.
Table S7 contains a complete list of significant di�erentially
expressed genes in V. vulnificus exposure to vegetation ash. The
di�erence in the global expression profile between the
experimental conditions and the similarity among the bio-
logical replicates are represented in Figure S5. The first
component (PC1) of the PCA explained 69.8% of the
variation, and the second component (PC2) explained 16.2%.

The V. vulnificus transcriptomic profile for vegetation ash
exposure exhibited a profile similar to that of the control
condition with a slight enrichment in genes related to cellular
processes, DNA processing, and energy (Figure 4). The
upregulation of genes related to energy and metabolism
suggested enhanced growth, and the downregulation of genes
related to iron acquisition further confirmed the presence of
elevated iron concentration in the vegetation ash exposure
conditions (Tables S6 and S7). Iron plays a crucial role in
several physiological processes of bacterial growth and
pathogenesis and can exist in two forms in the environment:
ferrous iron (Fe2+) and ferric iron (Fe3+).117 The main iron-
responsive transcription factor is Fur (ferric uptake regulator),
which regulates cellular iron levels by controlling the
transcription of iron acquisition-related genes and maintaining
iron homeostasis.118,119 V. vulnificus gene expression profiles
for the vegetation ash exposure showed the downregulation of
fur (fig|1219061.29.peg.2111), suggesting an iron homeostasis
response and the downregulation of the iron acquisition-
related genes as expected in an iron-replete condition. The Fur
regulation under iron excess is supported by the upregulation
of a predicted ferric reductase (fig|1219061.29.peg.688) and
downregulation of ferric iron ABC transporter protein (fig|

1219061.29.peg.3478) and outer membrane porin (ompU, fig|

1219061.29.peg.3502).
3.4. Conceptual Model and Potential Coastal

Ecosystem Implications. There is limited knowledge about
the impact of fire ashes on microbial communities within
estuary and coastal ecosystems. Fire ashes are highly mobile
and contain nutrients, toxic metals, and metalloids that can
incorporate into the soil, be transported by water or runo�, and
be mobilized by smoke and wind compromising human and
environmental health.40,120 Fire ashes reaching estuarine and
coastal zones alter nutrient, carbon, and metal concentrations
resulting in changes in the coastal microbial community
composition and phytoplankton production.112,121−123

This study aimed to establish a foundational understanding
of the potential repercussions of environmentally relevant
concentrations of WUI fire ashes on coastal microbial
communities using V. vulnificus as a model of an opportunistic
bacterial pathogen that is prevalent in many estuarine
ecosystems. Overall, the findings indicate that V. vulnificus
increased coexpression of genes and pathways related to
antibiotic and metal resistance as an adaptative response to fire
ash exposure (Figure 5), with greater e�ects observed in the
structural ash exposure. Figure 6 provides a conceptual model
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elucidating how the di�erent fire ashes altered Vibrio gene
expression and the potentially a�ected genetic pathways. The
excess Fe (and possibly other unmeasured components)
contained in the vegetation ash enhanced bacterial growth
and upregulated the expression of genes related to energy and
metabolic pathways, such as carbohydrate metabolism.
Conversely, Cu, Cr, and As contained in the structural ash
suppressed growth while markedly upregulating genes related
to metal and antibiotic resistance. For instance, the structural
ash transcriptomic profile reflects the expression of bacterial
resistance mechanisms, including homeostasis mechanisms
involved in Cu detoxification (copA, cueR, and cusCFBA) and
the coexpression of multidrug transport systems and eTux
pumps. Interestingly, exposure to both fire ashes (structural
and vegetation) led to the upregulation of multidrug resistance
transporters of the Bcr/CflA subfamily. Multidrug eTux pumps
recognize many compounds and have been shown to be an
essential bacterial mechanism for overcoming selective
pressures and adapting to diverse environments. Furthermore,
they play a critical role in conferring resistance against various
antimicrobial classes by reducing their cytosolic concentration
through active extrusion.124

In summary, these findings show that V. vulnificus
demonstrates di�erent adaptive responses based on the specific
composition of fire ashes. While this laboratory study assessed
the e�ects of structural and vegetation ashes separately, it is
crucial to acknowledge that natural conditions in estuarine and
coastal ecosystems typically involve mixed ashes from various
sources within the wildland-urban interface. The transport and
deposition of mixed ashes into ecosystems conducive to Vibrio
growth may not only enhance the growth of V. vulnificus but
also select for more antibiotic-resistant phenotypes, posing a
potential public health risk of exposure to resistant strains in
coastal zones. With increasing population, human activities,
and abnormal weather events in coastal zones, leading to
increased Vibrio−human interactions, the risk may be
amplified. Although seafood consumption is not the focus of
this study, Vibrio strains with altered virulence profiles can also
accumulate in shellfish, potentially causing infections during
processing and consumption. While this study provides a
foundation of how fire ashes can influence the growth and gene
expression profiles of a potential human pathogen, future
studies should also consider climate change conditions,
di�erent V. vulnif icus biotypes, complex microbial community
models, individual and complex metals, and the intricacies of
the natural system, including food web dynamics, to better
define environmental and public health risks related to fire
ash−Vibrio interactions.
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