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Abstract

With a diverse physiological interface to colonize, mammalian skin is the first line of defense against
pathogen invasion and harbors a consortium of microbes integral in maintenance of epithelial barrier func-
tion and disease prevention. While the dynamic roles of skin bacterial residents are expansively studied,
contributions of fungal constituents, the mycobiome, are largely overlooked. As a result, their influence dur-
ing skin injury, such as disruption of skin integrity in burn injury and impairment of host immune defense
system, is not clearly delineated. Burn patients experience a high risk of developing hard-to-treat fungal
infections in comparison to other hospitalized patients. To discern the changes in the mycobiome profile
and network assembly during cutaneous burn-injury, a rat scald burn model was used to survey the myco-
biome in healthy (n = 30) (sham-burned) and burned (n = 24) skin over an 11-day period. The healthy skin
demonstrated inter-animal heterogeneity over time, while the burned skin mycobiome transitioned toward a
temporally stabile community with declining inter-animal variation starting at day 3 post-burn injury. Driven
primarily by a significant increase in relative abundance of Candida, fungal species richness and abundance
of the burned skin decreased, especially in days 7 and 11 post-burn. The network architecture of rat skin
mycobiome displayed community reorganization toward increased network fragility and decreased stability
compared to the healthy rat skin fungal network. This study provides the first account of the dynamic di-
versity observed in the rat skin mycobiome composition, structure, and network assembly associated with
postcutaneous burn injury.

Key words: rat skin mycobiome, deep-partial thickness burn, burned skin mycobiome, skin fungal community structure, skin
fungal network assembly, Rattus norvegicus.

Introduction

Mammals form a complex and poorly understood relation-
ship with a diverse collection of microbial communities (fungi,
bacteria, viruses, and archaea), called the microbiome, across
a topologically diverse host-body interface with some interac-
tions established before birth (e.g., maternal microbiome and
fetal development).1–3 The ability of the mammalian skin to

shield internal tissues and defend against pathogen invasion is
linked largely to the microbes that evolved to coexist in dynamic
equilibrium with the mammalian host as commensal skin resi-
dents.4–9 An unperturbed skin microbial community resides in
homeostasis with the host ecosystem and aids in host defense via
mechanisms that include nutrient competition with pathogens,
host immune-response regulation, and antimicrobial agent
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production that can also lead to opportunistic commensal patho-
genesis (e.g., Malassezia) in response to alterations of surround-
ing environment (e.g., impaired host-immune response, nutrient
accessibility).6,10-14

Dynamics of the skin microbiome is shaped by individuality
(e.g., host genetics)15,16, temporal changes (e.g., puberty versus
adulthood), anatomical location (e.g., dry vs moist skin)5,17 and
environmental factors (e.g., residential climate). Illness or injury
to the skin perturbs the resident microbiome, called dysbiosis,
and could influence the state of human health and disease se-
quelae (e.g., acne).18–20 Although the bacterial constituents of
the skin microbiome, the bacteriome, have undergone expan-
sive surveys,5,21–23 phylogenetic profiling of host fungal resi-
dents in the healthy and diseased state, is in its infancy.24,25

Assessing the impact of disease on the skin mycobiome is critical
to understanding fungal dynamics in skin function and immu-
nity. Burn injuries pose a serious public health threat with more
than 500 000 burned individuals seeking medical treatment, re-
sulting in 40 000 hospitalizations and 4000 deaths annually in
the United States alone.26–28 A combination of factors, includ-
ing burn patient demography (e.g., age), environmental factors
(e.g., inhalation exposure), burn-wound severity (e.g., size), and
treatment strategy (e.g., broad-spectrum antibiotics), increases
the risk of developing hard-to-treat fungal infections that can
persist due largely to depletion of bacterial microbiota and a
weakened host immune system.29–32 A limited number of stud-
ies have surveyed the burned skin bacteriome33,34; however, the
effects of burn-injury on skin mycobiome and influence of fungi
in burn-wound progression and healing process is not well un-
derstood.33,35,36 Rats are commonly used in burn research to
uncover intricate molecular mechanisms and complex patho-
physiology of burn-injuries,37–39 while the influence of rat micro-
biome in burn-wound progression and healing process remains
elusive37,39–43 and is an emerging area of interest.24,25,44,45 Lim-
ited culture-dependent methods have failed to reveal many fun-
gal and bacterial residents including those that are fastidious
or uncultivable but may be critical for host health and host-
microbe homeostasis.46 To address these gaps in knowledge, we
used amplicon sequencing of ITS2 rRNA gene marker (fITS7-
ITS4 region)47,48 to survey the mycobiome of healthy (sham-
burned) and deep partial-thickness burned (PTB) rat skin when
subjected to burn injury over an 11-day period. In addition to
the healthy and burned rat skin, the mycobiome of the rat’s sur-
rounding environment (exposome) including food, bedding, and
water were surveyed to identify potential rat skin colonization
sources. Compared to the healthy skin mycobiome, there was a
significant enrichment of the opportunistic pathogen, Candida,
and an overall depletion of species diversity and abundance in
the PTB skin. Fungal shift in PTB specimens was displayed by
increased temporal stability and reduced inter-animal variation
among PTB skin specimens. In response to cutaneous burn in-
jury, the fungal community network assembly transformed to-

ward greater fragility and susceptibility to community collapse
compared to the unburned skin mycobiome.

Methods

Ethics statement and animal housing

Research was conducted in compliance with the Animal Welfare
Act, the implementing Animal Welfare Regulations, and the prin-
ciples of the Guide for the Care and Use of Laboratory Animals,
National Research Council. The facility’s Institutional Animal
Care and Use Committee approved all research conducted in this
study. The facility where this research was conducted is fully ac-
credited by AAALAC International. Male Sprague Dawley rats
(Rattus norvegicus) of 3 to 6 months old weighed approximately
350 to 450 grams were allowed ad libitum access to food and
water. Animals were randomly assigned to groups of sham-burn
(n = 30) (denoted as healthy or unburned) or subjected to deep
partial-thickness burn (n = 24), after 14 day acclimation period.

Induction of burn injury and specimen collection

Induction of deep partial-thickness burn was performed as pre-
viously described.49 In brief, anesthetized rats were subjected to
a scald burn (99◦C for 3 second) of the dorsum that comprised
∼10% of the total body surface area (TBSA).50 The study end-
points for burned rats were set for days 1, 3, 7, and 11, while
the end-points for sham-burned rats (treated the same as the
burned skin except for burn-injury) were days 0, 1, 3, 7, and 11
post-burn injury. Before euthanasia, blood was collected via car-
diac puncture for complete blood count (CBC) using ADVIA R©
120 hematology system (Siemens Healthcare, Tarrytown, NY,
USA). After euthanasia, the burn wound was excised, and tis-
sue biopsies collected with a 7 millimeter biopsy punch. Biopsy
punch specimens were immediately frozen in liquid nitrogen and
stored at −80◦C until processed for DNA extraction. To inves-
tigate the rat exposome mycobiome, environmental specimens
were collected from rat’s bedding (Anderson Bed-o’Cobs Corn
Cob bedding, Maumee, OH, USA), food (Purina rodent diet
5001), nutritional supplement (HydroGel R©), and water (chlori-
nated RO water) for immediate DNA extraction.

Genomic DNA isolation, ITS2 rRNA gene marker
amplification and sequencing

Burned and sham-burned skin biopsies were subjected to bead-
based cell lysis and genomic DNA extraction using BioFire
Platinum Path IT 1-2-3 DNA/RNA Extraction Kit (BioFire
Defense, Murray, UT, USA), per manufacturer’s instructions.
Purified DNA was assessed for quality (260/280) and quan-
tity (ng/ml) using UV-spectrophotometer (NanoDropTM 2000,
Thermo Fisher Scientific, Waltham, MA, USA) and Qubit R© fluo-
rimeter (Life TechnologiesTM, Carlsbad, CA, USA), respectively.
To reduce length-based polymerase chain reaction (PCR) bias
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and increase specificity for fungi, qualified DNA extracts un-
derwent PCR amplification targeting fungal internal transcribed
spacer 2 (ITS2) rRNA gene marker (forward fITS7 primer:
5′-GTGARTCATCGAATCTTTG-3′47; reverse ITS4 primer:
5′-TCCTCCGCTTATTGATATGC-3′48) described by Ihmark
et al.47 as annealing to the 5.8S and LSU rRNA genes flanking the
ITS2 region. This was followed by indexing of target ITS2 rRNA
gene marker region with Illumina adapters. For primer-dimer re-
moval, ITS2 rRNA amplicons underwent magnetic-bead purifi-
cation using the Agencourt R© AMPure R© XP kit (Beckman Coul-
ter Genomics, Indianapolis, IN, USA). Integrity of ITS2 rRNA
amplicon libraries was examined using gel electrophoresis with
Agilent D1000 screentape and Agilent 2200 TapeStation system
(Agilent Technologies, Santa Clara, CA, USA). DNA concentra-
tion of ITS2 rRNA gene marker amplicon libraries was calcu-
lated using Qubit R© fluorimeter. Indexing of ITS2 rRNA gene
amplicon libraries was conducted using the Illumina manufac-
turer’s instructions. Bioanalyzer 2100 system (Agilent Technolo-
gies) and Qubit R© fluorimeter were used to assess quality and
quantity of indexed amplicon libraries, respectively. The ITS2
rRNA gene marker amplicon libraries were pooled at equimo-
lar concentration with 20–30% PhiX spike-in control. The Illu-
mina MiSeq platform (two 300-bp paired-end [PE] chemistry)
with MiSeq Reagent V3 chemistry (600 cycle, MS-102-3003)
was employed for amplicon sequencing.

Data availability

Sequenced reads were submitted to the NCBI Sequence Read
Archive and are accessible under BioProject PRJNA476563.

Computational bioinformatics analyses

Generated FASTQ files from fungal ITS2 rRNA gene marker
amplicon sequencing were preprocessed using a custom pipeline
workflow available in GitHub.51 In brief, demultiplexed paired-
end (PE) reads were merged using PEAR52 and quality filtered
using FASTQC.53 High-quality sequenced reads were subjected
to the PIPITS pipeline54 for ITS2 processing using the ITS2 ref-
erence database.55 The extracted ITS2 target region was clus-
tered into operational taxonomic units (OTUs) at 97% se-
quence homology threshold (genus level) using VSEARCH,56

and chimera was removed using UNITE UCHIME (2017 ver-
sion) reference data set. Taxonomy was assigned to OTUs us-
ing RDP classifier.55,57 Fungal ITS2 rRNA samples were rar-
efied to the fraction depth of most depauperate specimen, 20000
subsampling per sample. Alpha-diversity estimation of fungal
skin communities were conducted using Chao1, Shannon di-
versity index, Faith’s phylogenetic distance (PD),58,59 Simp-
son diversity index, number of observed species (richness),
and Good’s coverage measures with QIIME alpha diversity.py
script.60 Beta-diversity was calculated with Bray-Curtis index,61

using the QIIME beta diversity.py script.60 Correlational study
of rat skin mycobiome in relation with rat skin metadata was
performed for postoperative day (POD) and CBC measure-
ments (File S1). Statistical analyses were conducted in R62 and
Python (www.python.prg), as applicable. Statistical significance
across groups (sham-burned vs. burned skin) was measured us-
ing PERMANOVA, PERMDISP, and ANOSIM using QIIME
scripts. Fungal skin community differences were measured with
1000 permutations and P-values corrected using false discov-
ery rate (FDR).63 Kruskal-Wallis test was applied for cross-
comparison testing of taxonomic assignments across sample
groups. Core mycobiome profiling was performed using QIIME
compute_core microbiome.py script at threshold of 100% (max-
imum fraction of core) and 50% (minimum fraction of core) skin
fungal resident membership.

Inference of skin fungal ecological network
in health and disease

Sparse InversE Covariance Estimation for Ecological Associa-
tion Inference (SPIEC-EASI) pipeline64 was used to construct
fungal networks and investigate changes in assembly of the skin
mycobiome network following burn injury.64,65 For inverse co-
variance estimation, neighborhood selection approach of Mein-
shausen and Buhlmann (MB) method was selected,66 and op-
timal sparsity parameters were based on the stability approach
and regularization selection (StARS).67 The skin mycobiome net-
work data was visualized and analyzed using R package igraph
(http://igraph.org/r) and seqtime (hallucigenia-sparsa/seqtime).
OTUs present as singleton (n < 2) in each sample and present in
fewer than 18% of specimen groups (minimal occurrence cutoff
possible for this study) of healthy (2 out of 11 specimens) or
burned (5 out of 23 specimens) skin group were removed. For
network assembly comparison of healthy versus burned skin,
edge and node degree, assortativity, transitivity, average path
length, and modularity was investigated.

Results

Mammalian microbial diversity is not limited to the bacteriome;
fungal residents can also play an integral role in maintaining
human health, microbial community stability, and disease de-
velopment.12,24,68–71 Of the 30 studied healthy skin specimens,
11 were positive for ITS2 rRNA gene marker (36.6%) in the
healthy skin community, while of the 24 studied burned skin
specimens, 23 were positive (95.8%) for presence of fungal ITS2
rRNA gene marker in the PTB skin community. Fungal rRNA
gene marker was detected in specimens collected from rat’s ex-
posome. Only one healthy skin specimen from day 7 and one
from day11 tested positive for fungi rRNA gene marker prevent-
ing a definitive statistical conclusion about fungal community of
healthy skin community at those specific time points.

http://www.python.prg
http://igraph.org/r
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Within-community (alpha diversity) analysis
of rat skin mycobiome

Alpha diversity rarefied accumulation curves for Good’s
coverage estimate exhibited curves that were stabilizing, indicat-
ing appropriate representation of majority of the target ecosys-
tems (Fig. S1).72 Overall, the healthy rat skin ecosystem’s alpha-
diversity measures of species richness, evenness, abundance, and
phylogenetic diversity were greater compared to PTB skin or
the exposome ecosystems (Fig. 1). When temporal changes were
considered, PTB skin mycobiome exhibited a drastic decline in
species richness, evenness, and diversity by POD 7 and 11, while
the healthy skin mycobiome appeared to decline at POD 3 but
exhibited a rise by POD 11.

Comparative analysis of fungal communities’ taxa
composition and abundance between healthy
and burned skin

The phyla profile of fungi in burned versus healthy rat skin
were comparable in composition and abundance, with no-
table differences observed at the genus level. The two major
phyla identified in the healthy rat skin mycobiome were As-
comycota (71.3%) and Basidiomycota (17.3%) (Fig. 2A). As-
comycota was dominated by members of order Capnodiales
(14.7%) and family Pleosporaceae (11.0%), whereas Basidiomy-
cota was dominated by Wallemia (3.4%) genus in the healthy
skin mycobiome (Fig. 2B). Similarly Ascomycota (73.3%) and
Basidiomycota (18.1%) were the dominating phyla in the PTB
skin (Fig. 2C). However, Ascomycota was mainly composed of
Candida (24.8%) and Wallemia (2.5%) was the dominant genus
of Basidiomycota in the PTB skin mycobiome (Fig. 2D). Com-
parable to the rat skin, the rat exposome consisted mainly of
members of Ascomycota followed by Basidiomycota (Fig. S2A).
Capnodiales (37.4%) was the major component of Ascomycota,
while Panellus (3.1%) genus predominated Basidiomycota in the
rat exposome (Fig. S2B). When fungal relative abundance in PTB
skin community was examined with respect to temporal changes,
Capnodiales (18.0% to 10.3%) and Nectriaceae (7.0% to 1.8%)
abundance declined from POD 1 through 11, while Candida was
enriched between POD 1 through 11 (13.5% to 48%) (Fig. 2D).
Environmental specimens, in particular water and food, exhib-
ited a substantially higher abundance of Capnodiales than in the
rat skin mycobiome (Fig. S2B).

Pairwise comparisons (beta diversity) of healthy
and burned rat skin mycobiome

Temporal stability of burned and healthy fungal skin specimens
assessed over time using Bray-Curtis dissimilarity index resulted
in two main clusters (Fig. 3A) separating PTB skin specimens
collected on POD 7 and 11 from majority of other specimens
(Fig. 3B). Partial-thickness burn specimens belonging to PODs

1 and 3 exhibited greater inter-animal heterogeneity and were
scattered across the formed clusters. In contrast, PODs 7 and 11
specimens showed a drastic reduction in temporal instability and
inter-animal mycobiome variation compared to all other speci-
mens (Fig. 3B, D). Scattered distance matrix profiles of healthy
skin fungal specimens in different PODs showed that the variable
composition of healthy skin mycobiome was not associated with
temporal changes. Comparison of rat skin mycobiome taxa pro-
file relative to CBC measurements of rat blood exhibited an as-
sociation between elevated monocyte levels (%) and enrichment
of Candida (File S2, Fig. 3E). Significance analysis of differen-
tially distributed fungi in the healthy and PTB rat skin revealed
a significant enrichment of members of Candida, Fusarium, and
Talaromyces genera in the PTB skin, while members of Onyge-
nales and Plectosphaerellaceae were enriched in the healthy skin
compared to the PTB skin mycobiome (FDR P < .05).

The core mycobiome of rat skin community

To identify the core mycobiome, the fungal community was as-
sessed for 100% and 50% community membership in the skin
mycobiome (File S3). In the context of this study, the core was
considered taxa present in all of the target fungal group (100%
frequency) and prevalent or common members were those identi-
fied in ≥50% of the target fungal group. Core mycobiome anal-
ysis (100% persistence) of healthy skin identified members of
Ascomycota of order Capnodiales, whereas prevalent members
(50% membership) consisted mostly of members of Capnodiales,
Pleosporales, and Saccharomycetes. In addition to Capnodiales,
core mycobiome (100% persistence) of PTB skin group was com-
prised of members of Nectriaceae, Candida, and Thermomyces.

Fungal network assembly in healthy versus
burned skin

A considerable reduction in the number of nodes (taxa) and edges
(links) was observed in the PTB skin compared to the healthy
skin fungal network assembly (Fig. 4A, B, Table 1). Compared to
healthy skin, the clustering strength (modularity) of the skin net-
work assembly and number or partitioning of network clusters
(potential niche) increased in the PTB skin (Table 1). Relative to
the healthy skin, the average path length between the taxa in the
PTB mycobiome increased and formed a fungal network lacking
a core network structure (Fig. 4B). Estimated probability that
close taxa were connected (network transitivity) demonstrated
that burned skin fungal network formed more complex network
structures than those depicted in the healthy skin. Healthy skin
harbored fewer clusters than the PTB skin network (Table 1).
However, there were a greater number of OTUs associated with
most clusters in the healthy skin than the burned skin network.
Compared to the healthy skin, the predicted average degree
distribution of taxa in PTB skin network assembly declined
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Figure 1. Within-community (alpha) diversity longitudinal analysis of healthy and burned rat skin and exposome mycobiome. (A) With the greatest variability
observed in the rat exposome, the species richness estimate of healthy (unburned) skin was slightly higher than the PTB skin community. (B) Fungal species
abundance was highest in the healthy rat skin when compared to the mycobiome of the burned skin and the exposome. (C) Species evenness of the healthy skin
mycobiome was the highest relative to the burned skin and the exposome. (D) The healthy rat skin mycobiome harbored the most number of unique OTUs per
community (richness) than the burned skin. Greatest variability was observed in the rat exposome. (E) Phylogenetic diversity of the PTB skin mycobiome was
reduced compared to the healthy skin with greatest variability observed in the rat exposome mycobiome. (F) Species richness estimate generated from alpha
diversity rarefactions declined over time in both healthy and PTB skin mycobiome; while healthy skin specimen showed a rise by POD 11, species richness of
PTB skin continued to decline. (G) Fungal species evenness showed a pattern of decline in the PTB skin mycobiome starting at POD 3, while the healthy skin
specimen showed increased evenness by POD 11. (H) PTB skin showed a decreasing pattern of species abundance that continued through POD 11.
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Figure 2. Phylogenetic profile of rat skin mycobiome. (A) Phyla distribution in healthy rat skin mycobiome was dominated by Ascomycota and Basidiomycota.
(B) Healthy rat skin mycobiome showed a degree of heterogeneity in genera distribution that was associated with temporal changes over 11-day study period.
(C) Phyla profiling of compromised PTB skin mycobiome was mainly composed of Ascomycota and Basidiomycota. (D) Genera distribution exhibited variations
associated with temporal changes including an increase in Candida and a decline in members of Nectriaceae, Capnodiales (Cladosporium and Cercospora), and
Wallemia in relative abundance.

(Fig. S3A), while the degree of homophily (assortativity) in-
creased between associated taxa (Table 1). Comparison of net-
work stability using attack robustness estimate revealed higher
degree of network stability in the healthy skin than the PTB skin
mycobiome, which depicted increased fragility or vulnerability
towards community collapse (Fig. S3B).

Discussion

Community structure and temporal stability differs
in healthy versus burned skin mycobiome

In the absence of a human burn-wound cutaneous mycobiome
study, we are unable to perform a comprehensive comparison of
burned rat skin to a human burned skin. Compared to the hu-
man healthy skin, the rat skin specimens were rarely colonized
by members of Basidiomycota of Malassezia genus, which are
abundant members of human sebaceous skin (e.g., dorsum).25,71

Instead, the healthy and burned rat dorsum were dominated by
members of Ascomycota; fungi classified as members of Ony-
genales and Sordariomycetes were significantly enriched in the
healthy skin compared to the PTB skin and part of the healthy
skin core mycobiome. Similar phyla proportions have been re-
ported in mycobiome of human chronic diabetic foot ulcers
(DFU),73 and dominance of Ascomycota members has been de-
scribed in the arms and lower extremities (e.g., popliteal crease)
of healthy human skin.71 While differential distribution of fungi
across different human body sites has been reported,71,74 fun-
gal distribution associated with spatial diversity of the rat skin
is not yet explored, and we have only identified the rat dor-
sal mycobiome as the common experimental site for burn and
wound-healing research. Influence of temporal and spatial dif-
ferences of the microbiome structure on community function
and the host’s cutaneous or systemic immune response remains
largely unknown and an emerging area of research.15,36,75,76
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Figure 3. Beta-diversity analysis of fungal communities in rat skin and exposome mycobiome. (A) Bray-Curtis analysis demonstrated a grouping of fungal
specimens that separate a group of PTB specimens from remaining specimens. The rat exposome specimens were scattered between burned and unburned
rat skin fungal communities. (B) When temporal changes are considered, majority of PTB of POD 7 and 11 skin specimens were separated into a cluster, while
PTB specimens of POD 1 and 3 were scattered between the two clustering groups. The healthy skin specimens exhibited inter-animal variation across time. (C)
Monocyte levels (%) obtained from CBC analysis of rat blood showed elevated monocyte values associated mostly with the PTB skin specimens of POD 7 and
11. Only a subgroup of rat skin specimens (27 rats) were randomly selected for undergoing CBC analysis. (D) Comparison distance plot of mycobiome sequence
abundance (Bray-Curtis) over time for healthy and PTB rat skin specimens (Monte Carlo permutations = 2000) demonstrated a fungal shift between POD 3 and
POD 7 in PTB skin relative to healthy skin community. (E) Significant enrichment of Candida in specimens exhibiting elevated monocyte levels (%) (FDR P = .03).

Furthermore, the extent to which microbiome density and com-
position of chronic wounds differs from acute wounds, specifi-
cally in burn-wounds, has not been explored.

The PTB rat skin microbiome reported a higher percentage of
fungi-positive skin specimens (>90%) than past fungal survey
of more than 900 human chronic wounds (23%).44 Analogous
to a fungal survey of the human chronic ulcer wound,44 we
observed a significant enrichment of Candida in burn-wounds
compared to the healthy rat skin mycobiome (File S2). In fact,
the relative abundance of Candida was substantially increased
from POD 1 (13.5%) through 11 (48%) post-burn injury. The
core mycobiome of the burned rat skin (100% persistence) car-
ried a diverse assortment of fungi compared to the healthy skin,
signaling a shift in fungal community structure (File S3). This
shift is accompanied by a decline in temporal instability, inter-
animal heterogeneity (Fig. 3B) and expansion of the core com-
munity from only members of Capnodiales to the addition of
other fungi including members of Candida and Nectriaceae (File
S3). It is possible that changes in the skin bacterial dynamics

(e.g., depletion) and impairment of host-immune response dur-
ing burn injury facilitated the changes in composition and abun-
dance of the dysbiotic PTB skin mycobiome, compared to the
healthy skin.

Within-community fungal dversity declines
in burned skin mycobiome

Human microbiome studies have largely exhibited an inverse re-
lationship between microbial alpha diversity and disease sever-
ity;33,36,77 similarly, the PTB rat skin mycobiome exhibited re-
duced alpha diversity profile compared to the healthy skin. The
transient decline observed in alpha diversity of the healthy rat
skin mycobiome could be influenced by mechanical (e.g., shav-
ing) or chemical stress (e.g., hair depilation) introduced to the
healthy (sham-burned) rat skin. While pretreatment of animal
skin prior to induction of burn-injury is a common practice (e.g.,
rat, pig, and mice) to remove dense hair and achieve the desired
burn depth; the extent to which pretreatment of the animal skin
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Figure 4. Rat skin mycobiome network structure analysis in healthy and burned skin. (A) The healthy skin mycobiome network displayed a large connected
network component that was dominated by members of Ascomycota. (B) The PTB skin fungal network assembly exhibited one large connected component along
with smaller disconnected networks (e.g., singleton, dyad, and triad). Each node is colored by phyla and edges between nodes represent predicted interactions.

Table 1. Comparison of rat skin fungal network assembly in healthy versus burned skin.

Group ID

Edge
degree
(total)

Degree
distribution

(average)

Assortativity
(r, homophily

degree)
Transitivity
(T, global)

Average path
length (mean

distance)

Modularity
(Q, strength of

cluster separation)

Healthy skin 486 3.811765 0.1741892 0.2491857 4.72725 0.5933399
PTB skin 246 2.877193 0.3231011 0.07147221 7.295518 0.8063653

itself influences the burn-wound outcome and disease progres-
sion has not been investigated. The sham-burned rat skin speci-
mens harbored a higher level of species richness and abundance
compared to PTB skin mycobiome. The availability of one fungi
positive skin specimen for POD 7 and 11 in healthy skin group of
our study coupled with low rate of fungi positive human volun-
teers44 highlights the need to sample a larger healthy population
for future mycobiome studies and gain better insight into the
mycobiome of healthy ecosystems to account for possible lack
of detectable fungi in healthy groups in future studies.

Reduction in temporal instability in burned skin
mycobiome

The healthy rat skin mycobiome demonstrated greater degree
of inter-animal variation compared to the PTB skin speci-
mens. Comparable to past microbiome studies of diseased versus
healthy host,10,33,77–79 increased temporal stability and reduced
inter-animal mycobiome variation (Bray-Curtis index) (Fig. 3B)
in the burned (dysbiotic) rat skin mycobiome was observed as

a shift toward single species dominance (e.g., Candida) by POD
7 in an immunocompromised host with disrupted skin ecosys-
tem. Physiological and environmental differences likely play an
important role in the prevalence and abundance of resident mi-
crobes in different hosts80–84 and manipulation of such factors
could lead to a remodeling of host resident microbe structure
and its potential function. Possible influences of different wound
therapies (e.g., antimicrobials) on skin mycobiome composition
and abundance or its implications on skin barrier integrity and
clinical outcome remains poorly understood. Potential benefits
of reintroducing microbial heterogeneity or temporal instabil-
ity to a dysbiotic burned skin microbiome by exploitation of
the microbiome structure and introduction of bio-therapeutic
agents (e.g., microbial transplantation) has been suggested but
remains to be tested.33,85 Follow-up studies to investigate the
intricate and complex cross-kingdom interactions (e.g., pathway
landscape) with the mycobiome and potential implications on
the health of an ecosystem and differential modulation of the
host immune response post-burn injury are needed as a first step
towards development of alternative therapies.
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Reorganization of burned skin mycobiome
network assembly

Comparison of healthy versus PTB rat skin fungal network as-
sembly revealed reorganization of PTB fungal community into a
fragile network that was more niche-based with increased sus-
ceptibility to collapse after cutaneous burn injury. Similar obser-
vations of increased network fragility and reduced complexity
are reported for mice gut microbiome post antibiotics treat-
ment86 or in human skin microbiome in megacities compared
to rural areas caused by changes in climate and socioeconomic
status.87 The fungal network derived from healthy rat skin my-
cobiome implied that healthy skin clusters exercised more as-
sociation among each other than compared to the PTB skin
fungal network. Comparable trends in network structure is re-
ported for healthy human scalp demonstrating increased net-
work stability and connectedness compared to individuals with
seborrheic dermatitis and dandruff.88 Inferring microbial inter-
actions among different species in a community and unravel-
ing their influence on the health of the resident ecosystem and
influence on host factors (e.g., immune system) is of great im-
portance in ecology and medicine for microbiome remodeling
research.

An impaired host immune system and application of broad-
spectrum antibiotics as standard of care in burn-injury patients
provides the ideal condition for overgrowth of opportunis-
tic fungi that might otherwise be commensal in an immune-
competent host.89 Considering that fungi are linked with clinical
complications of human skin diseases (e.g., seborrheic dermati-
tis), injuries (e.g., burn wounds), and disease outcomes (e.g.,
diabetic ulcers),18,73,89–92 understanding the role of skin fun-
gal residents in host immune regulation and host-microbiome
homeostasis is necessary for improvement of therapeutic strate-
gies for skin disorders and injuries. The longitudinal aspect of
our rat skin burn study established the dynamics of fungal di-
versity and abundance in the perturbed rat skin mycobiome
in response to cutaneous thermal trauma. With respect to the
rat’s immune response to cutaneous burn injury, elevated blood
monocyte levels (%) were observed, especially in specimens of
PODs 7 and 11 post-burn injury (Fig. 3C). These circulating
monocytes differentiate to macrophages at injury site and are
vital in tissue remodeling of burn-wound and host immune de-
fense.93 To our knowledge, this is the first fungal survey of
cutaneous mycobiome of burn wounds in an effort to unravel
the diversity and abundance of rat skin resident fungi pre- and
post-burn injury, not previously possible through culture-based
approaches. As a major etiological agent of burn-wound infec-
tions (e.g., Candida and Aspergillus), further studies address-
ing the influence of the mycobiome’s composition and abun-
dance in disease progression after cutaneous burn-injury with
and without burn-wound standard of care treatment will be
necessary for clinical improvement of burn-wound outcome and
severity.
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