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Abstract: Aims: To explore the pathogenic mechanisms of Candida albicans (C. albicans), focusing on its impact on
human health, particularly through invasive infections in the gastrointestinal and respiratory tracts. Methods: In this
study, we evaluated the demographic and clinical profiles of 7 pneumonia patients. Meanwhile, we used Gene Set
Enrichment Analysis (GSEA) and Evolutionary Dynamics method to analyze the role of candidalysin in C. albicans
pathogenicity. Results: By analyzing genomic data and conducting biomedical text mining, we identified novel muta-
tion sites in the candidalysin coding gene ECE1-Ill, shedding light into the genetic diversity within C. albicans strains
and their potential implications for antifungal resistance. Our results revealed significant associations between C.
albicans and respiratory as well as gastrointestinal diseases, emphasizing the fungus’s role in the pathogenesis of
these diseases. Additionally, we identified a new mutation site in the C. albicans strain YF2-5, isolated from patients
with pneumonia. This mutation may be associated with its heightened pathogenicity. Conclusion: Our research ad-
vances the understanding of C. albicans pathogenicity and opens new avenues for developing targeted antifungal
therapies. By focusing on the molecular basis of fungal virulence, we aim to contribute to the development of more
effective treatment strategies, addressing the challenge of multidrug resistance in invasive fungal infections.

Keywords: Candidalysin, biomedical text mining, evolutionary dynamics, hyphal formation genes, gene set enrich-
ment analysis

Introduction Hyphal formation genes play a pivotal role in
the pathogenicity of invasive fungi, serving as
essential determinants of virulence in C. albi-

cans. These genes facilitate the transition from

Invasive Candida species, particularly Candida
albicans (C. albicans), pose significant threats

to human health, manifesting their pathogenic-
ity through various infections, notably within
the gastrointestinal and respiratory tracts [1-6].
These infections can lead to severe clinical
manifestations, ranging from mucosal infec-
tions to bloodstream infections, especially in
immunocompromised patients [7-11]. The
impact of Candida infections on the gastroin-
testinal and respiratory systems underscores
the pressing need for a deeper understanding
of their virulence mechanisms and the develop-
ment of more effective treatment strategies
[12-186].

yeast to hyphal form, a morphological change
that is closely associated with the fungus’s abil-
ity to invade host tissues, evade the immune
response, and establish infections [17-28]. The
study of hyphal formation-related genes is
therefore fundamental to understanding the
molecular basis of Candida pathogenicity and
represents a crucial step towards identifying
targets for antifungal therapy [29-31].

Recent advancements in candidalysin resear-
ch have shed light on its significant role in
the virulence of C. albicans, particularly in the
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Table 1. Patient information

In conclusion, this research represents

a significant step forward in the fight

Eit_lent Strain Sar:if;mg Age Sex  BMI  Disease against invasive Candida infections,
1 YF1  Sputum 71 Female 258 Pneumonia  |cVeraging cutting-edge analytical tech-
2 YF3  Sputum 80 Male 195 Pneumonia  1JueS {0 uncover the complex interac-

tions between host and pathogen. By
3 YF5  Sputum 96 Male 22.85 Pneumonia focusing on candidalysin and hyphal for-
4 YF2-1 Sputum 87 Female -  Pneumonia mation genes as pivotal elements in C.
5 YF2-3  Sputum 86 Male - Pneumonia albicans’ arsenal of virulence factors,
6 YF2-5 Sputum 81 Male - Pneumonia the study provides new insights into the
7 YF2-11 Sputum 84 Male 15.57 Pneumonia mechanisms driving fungal pathogenici-

context of gastrointestinal and respiratory dis-
eases. Candidalysin, a cytolytic peptide toxin
secreted during hyphal growth, directly contrib-
utes to mucosal damage and inflammation,
thereby playing a key role in the pathogenesis
of infections [32-39]. Research focusing on
candidalysin has highlighted its potential as a
biomarker for virulence and a target for the-
rapeutic intervention, offering new perspec-
tives on the management of Candida-induced
diseases.

The identification and targeting of virulence
factors such as candidalysin offer a promising
strategy to combat the emerging issue of multi-
drug resistance in invasive fungal infections
[40-43]. With C. albicans increasingly develop-
ing resistance to existing antifungal agents,
there is a pressing need to explore novel thera-
peutic targets [44-47]. Focusing on virulence
mechanisms rather than fungal survival path-
ways may help to develop treatments that
impair the pathogen’s ability to cause disease
without directly selecting for resistance, offer-
ing a sustainable approach to managing fungal
infections.

Our study utilizes a combination of Gene Set
Enrichment (GSE) analysis and Evolutionary
Dynamics research to explore the genetic basis
of candidalysin’s role in C. albicans pathogenic-
ity. By integrating biomedical text mining with
genomic data analysis, this research address-
es gaps in our current understanding of
Candida’s virulence mechanisms. This compre-
hensive approach not only illuminates the evo-
lutionary dynamics of candidalysin and its
associated hyphal formation genes but also
identifies potential antifungal candidates, sh-
owcasing the study’s innovative contributions
to the field of microbial pathogenesis.
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ty. This foundational knowledge paves
the way for the development of targeted
therapies, offering hope for more effective
management of invasive fungal diseases in the
future.

Materials and methods
Patients

We analyzed the demographic and clinical pro-
files of 7 pneumonia patients. Patient No. 1, a
71-year-old female, was diagnosed with viral
pneumonia, COVID-19, and was post-operative
for lung adenocarcinoma and breast cancer.
Patient No. 2, an 80-year-old male, suffered
from a range of illnesses such as septic shock-
induced respiratory failure, COPD, and severe
malnutrition, alongside COVID-19. The list
included a 96-year-old male. Patient No. 3,
with COPD and heart failure, and Patient No.
4, an 8T7-year-old female, dealing with type |
respiratory failure, severe pneumonia, and
Alzheimer’s disease. Patient No. 5, an 86-year-
old male, was diagnosed with COPD, liver and
renal dysfunction and suspected of having
COVID-19. Patient No. 6, an 81-year-old male,
exhibited similar conditions with the addition of
coronary heart disease. Lastly, Patient No. 7,
an 84-year-old male, was battling type | respira-
tory failure, suspected COVID-19, with a history
of lacunar stroke (Table 1). All patients sputum
samples were indicative of respiratory tract
involvement.

Literature search and screening

A comprehensive search was conducted within
the Clarivate Analytics Web of Science Core
Collection database, spanning from January 1,
1990 to November 2023. The search string is
as follows: ‘ALL = (virulence OR VF OR toxin)
AND TS = (fungi OR fungus OR mycobiome OR
fungal OR fungous) AND LA = (English). The
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inclusion criteria were restricted to original
research articles.

Bibliometric analysis and visualization

Upon data collection, the ‘bibliometrix’ v4.0.1
package in R software was utilized to per-
form the analysis [48]. The process began
with data cleaning and preprocessing to re-
move duplicates and correct inconsistencies.
Subsequently, the analysis encompassed sev-
eral dimensions, including publication trends
over time, citation analysis, country or region
distribution, and the correlation between jour-
nals and publications.

Keywords analysis

The identification of gene entries was collected
from the NCBI Gene database (https://www.
ncbi.nm.nih.gov/gene), a primary source for
molecular biology information on all known
and predicted gene sequences. For our study,
we focused on 20 gene entries specifically
related to hyphal formation, a critical virulence
factor in C. albicans pathogenesis [49-61].
Fungi and bacteria entries were collected from
the NCBI Taxonomy database (https:/www.
ncbi.nim.nih.gov/taxonomy). Human disease
entries were obtained from the MalaCards
human disease database (http://www.malac-
ards.org) [62], which compiles detailed dis-
ease-related information from various sources,
providing a broad overview of known diseases.
For our study, we extracted 22,811 disease
entries.

CiteSpace (Citation Space) was used to per-
form burst detection analysis, which identifies
keywords that have shown a sudden increase
in usage over time [63]. This analysis can pin-
point emerging trends and shifts in research
focus within the domain.

The ‘tm’ v0.7-8 package in R software was
employed to clean and preprocess the text
data from publications, which involves remov-
ing stopwords, punctuation, and numbers, and
performing word stemming to reduce words to
their root form [64]. Hypergeometric analysis in
R package was performed to identify signifi-
cantly enriched genes, microbes and human
diseases of interest [64, 65].
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Genome data collection and genome structure
prediction

High-quality genomic data for C. albicans we-
re systematically gathered from the NCBI
genome database (https://www.ncbi.nim.nih.
gov/genome). This data collection aimed to
obtain comprehensive genomic sequences to
facilitate detailed analysis. Subsequently, cus-
tom scripts were developed and utilized to cal-
culate the genomic size in the genome of each
strain. To assess the quality of the genome
assemblies, metrics such as N50, GC content
percentage and N90 were computed (Table
S2).

For the structural prediction of the geno-
mes, Funannotate software (https://github.
com/nextgenusfs/funannotate) was employed.
The annotation process involved several steps,
starting with the ‘clean’ command to prepare
the data by removing contaminants and low-
quality sequences. The ‘sort’” command was
then used to order the data in a manner condu-
cive to annotation. The ‘mask’ command was
applied to identify and mask repetitive ele-
ments, which can interfere with the annotation
process. The ‘train” command facilitated the
creation of a custom model for gene prediction
based on the input data, which is crucial for
accurate genome annotation. Finally, the ‘pre-
dict’ command was used to predict the location
of genes and their structures within the genome
using the default parameters provided by the
software.

Pangenome analysis

The identification of homologous protein fami-
lies within C. albicans genomes was conduc-
ted using the OrthoFinder2 software [66]. In
this context, genes present in all strains of
C. albicans were classified as core genes.
Conversely, genes exclusive to a single strain
were designated as strain-specific genes. The
remaining genes, not fitting into the core or
strain-specific categories, were considered dis-
pensable genes.

To visually represent the distribution and vari-
ability of gene counts across different strains,
custom scripts were developed to generate rar-
efaction curves displayed as box-plots.

Am J Transl Res 2024;16(7):3191-3210



Candidalysin in Candida albican

Multiple sequence alignment phylogenetic tree
analysis

Additionally, we employed Mafft v7.508 [67,
68] to align the multiple sequences. A maxi-
mume-likelihood phylogenetic tree was then
constructed using single-copy orthologs with
RAXML v8.2.12 [69], utilizing the PROTCATWAG
model and 1000 bootstrap replicates. The mul-
tiple sequence alignment was visualized using
the ‘ggmsa’ v1.2.3 [70] package in R. The evo-
lutionary tree was visualized using the ‘ggtree’
v3.4.4 [71, 72] package in R.

dN/dS value calculation

The dN/dS ratio for each site in the gene was
calculated using the SLAC (Single-Likelihood
Ancestor Counting) method implemented in
HyPhy v2.5.42 [73].

Whole genome sequence

Initially, raw sequencing reads were quality-
checked and preprocessed using tools like
FastQC and Trimmomatic [32], which allowed
us to remove low-quality reads and adapter
sequences, ensuring that only high-quality data
was used for subsequent analyses.

The preprocessed reads were then aligned to
a reference genome using the BWA-MEM [74]
algorithm. Post-alighment processing, includ-
ing sorting and marking duplicates, was per-
formed using Samtools and Picard Tools,
respectively, to prepare the data for variant
calling.

Variant calling was carried out using the
GATK (Genome Analysis Toolkit) Best Practices
workflow, which includes steps such as Base
Quality Score Recalibration (BQSR) and Haplo-
typeCaller for identifying single nucleotide poly-
morphisms (SNPs) and insertions-deletions
(indels). This approach is widely recognized for
its robustness in detecting genomic variants
with high precision.

Fst calculation: Fst is a measure of genetic dif-
ferentiation among populations, indicating the
proportion of genetic variance found between
groups relative to the total genetic variance. To
compute Fst, we used the VCFtools software,
which facilitates the comparison of variant fre-
quency data across populations. For each
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genomic locus, Fst was calculated using the
formula:
z.-(zp + 7R)/2

Fst = . Q.

Where m, is the nucleotide diversity of the
combined populations and My T, are the
nucleotide diversities of each population indi-
vidually. This approach allows for the identifica-
tion of genomic regions with high differentia-
tion, potentially indicating selection or local

adaptation.

m calculation: Nucleotide diversity, denoted as
M, measures the average pairwise differences
between individuals within a population. To cal-
culate m, we utilized the PopGenome package
in R, an efficient tool for population genetic
analyses of large genomic datasets. Nucleotide
diversity was calculated using the formula:

_ 2L (x)(n-x)
a n(n-1>/2 @

Where n is the sample size, and X, isthe number
of copies of the i allele for the gene. This mea-
sure provides insights into the level of genetic
variation present within a population, which is
crucial for understanding population structure,
history, and dynamics.

Both Fst and mm were calculated across sliding
windows along the genome to generate detailed
profiles of genetic differentiation and diversity.
This windowed approach allows for the identifi-
cation of specific regions under selection pres-
sure or with significant genetic variation, facili-
tating further investigations into their evolution-
ary significance or association with phenotypic
traits.

gPCR analysis

We utilized quantitative PCR (qPCR) to assess
the impact of morphological state (hyphal and
yeast forms) on the expression levels of three
genes: ECE1, HOG1l, and RHR2 in various
strains of C. albicans. Initially, strains SC5314,
ATCC 18804, ATCC 14053, ATCC 10231, NCYC
4145, and YF2-5 were cultured in Sabouraud
dextrose broth overnight and then incubated at
25°C with 200 rpm agitation for 12 hours to
promote yeast growth. In contrast, to induce
hyphal formation, these six strains were culti-

Am J Transl Res 2024;16(7):3191-3210



Candidalysin in Candida albican

Table 2. Primer sequences of qPCR genes

Gene Primer Sequence (5’ to 3’)
ACT-F CCAGGTATTGCTGAACGTATGC
ACT-R GGACCAGATTCGTCGTATTCTTG
ECE1-F GCCGTCGTCAGATTGCCA
ECE1-R AACAGTTTCCAGGACGCCA

HOG1-F GTCTGTGGGTTGTATCTTAG
HOG1-R TCACTAAATGGGATAGGGTC
RHR2-F GCCGTACATTTGATGTCATT
RHR2-R AAAGTACCAGAAGTGACAAC

vated in Spider medium at 37°C with 200 rpm
agitation for the same duration.

Following cultivation, cells from both conditions
were harvested, washed twice with phosphate-
buffered saline (PBS), and subjected to RNA
extraction using the hot phenol method. This
method involves the addition of hot phenol and
chloroform to the cell suspension, which effec-
tively disrupts the cells and allows for the sepa-
ration of nucleic acids from proteins and lipids
by phase separation. After the aqueous phase
containing RNA was collected, it was precipi-
tated with isopropanol, washed with ethanol,
and resuspended in diethyl pyrocarbonate
(DEPC)-treated water to ensure the removal of
any potential RNases.

The extracted RNA was then reverse tran-
scribed into cDNA using a reverse transcription
kit. This process started with the mixing of
RNA, reverse transcriptase, and specific prim-
ers in a reaction buffer, followed by incubation
at temperatures optimal for enzyme activity to
synthesize first-strand cDNA.

Quantitative PCR was subsequently performed
using SYBR Green as the fluorescent probe to
quantify gene expression. The cycling condi-
tions were optimized for denaturation, anneal-
ing, and extension to ensure efficient and spe-
cific amplification of the target genes. The
housekeeping gene ACT was used as an inter-
nal control to normalize the expression data
and compensate for any variations in cDNA
input or amplification efficiency.

The sequences of the gene primers used for
the quantitative PCR (qPCR) are provided in
Table 2.

This methodology allowed us to compare gene
expression levels effectively across different

3195

fungal states and strains, providing insights
into the genetic regulation associated with mor-
phological adaptations in C. albicans.

The data results are presented as relative fold
change in gene expression between the hyphal
and yeast forms of each strain, displayed as
mean + standard deviation. Statistical analysis
was performed using the Student's t-test.
Statistical significance is denoted as follows: *
for P < 0.05, ** for P < 0.01, and *** for P <
0.001.

Results
Bibliometric analysis

Growth model of research trends: In this study,
we conducted a comprehensive bibliometric
analysis of literature spanning over three
decades, from 1992 to 2023, focused on the
virulence factors of invasive fungi. To assemble
the corpus of relevant research, we meticulous-
ly downloaded and curated articles from the
Clarivate Analytics Web of Science Core
Collection database. Through a rigorous pro-
cess of filtering and deduplication, we isolated
a dataset comprising 22,852 publications for
our analysis. This dataset reveals a consistent
and noteworthy trend: the volume of research
on the virulence factors of invasive fungi has
shown a steady annual increase. This increase
is particularly evident in the publication vol-
umes for 2022 and 2023, each approaching
1,800 articles (Figure 1A). The average annual
growth rate of literature over the past five years
has remained at 4%, underscoring sustained
interest and ongoing research activity within
this field (Figure 1B).

Despite the thirty years of persistent scholarly
attention on invasive fungal virulence factors,
the trend in research output also show an expo-
nential growth. The trend is characterized by
mathematical expression:

f(t) = e0-129t-251 3).

Where t represents time in years. This model is
robust, as indicated by a coefficient of deter-
mination (R?) of 0.94 and a highly significant
p-value of 2.72 x 102° (Figures 1A, S1). These
statistics highlight the accelerating pace of
research and the expanding body of knowledge
on the virulence factors of invasive fungi.
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Figure 1. Bibliometric analysis result. A. The research trends, the red
line and the left y-axis represent the number of publications for each
year, while the green line and the right y-axis represent the cumu- N
lative publication count; B. Growth rate of publications in recent 5 verazuds
years; C. The publication distribution across countries or regions; D.

Cooperation networks between different countries and regions.
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The distribution of countries or regions and
their cooperation networks: The geographical
analysis highlights the United States and
China as the foremost contributors to research
on fungal virulence factors, with the United
States leading with 5,231 publications and
China following at 79% of this volume with
4,130 publications. The top five countries,
including Brazil, Germany, and India, collective-
ly underscore the global engagement in this
research area (Figure 1C). This distribution
reflects not only the scientific focus but also
potential collaborations to advance under-
standing and management of fungal diseases.

Based on the analysis of scientific research
collaboration networks among countries, we
categorized nations into four distinct clusters.
Cluster 1 comprises 34 countries, Cluster 2
contains 37 countries, Cluster 3 includes 18
countries, and Cluster 4 consists of 17 coun-
tries. Within Cluster 1, the United States
stands out with a betweenness centrality of
483.55, a closeness centrality of 0.00617, and
a PageRank centrality of 0.022. These metrics
are the highest in the cluster, unequivocally
indicating that in the realm of research on viru-
lence factors of invasive fungi, the United
States plays a pivotal bridging role in interna-
tional scientific research collaborations, show-
casing the closest degree of cooperative
research engagement. Following closely are
Germany, Japan, France, and Canada, all dem-
onstrating high levels of collaboration, with
China’s betweenness centrality slightly lower
at 168.45. In Cluster 2, India leads with a
betweenness centrality of 191.14. Brazil do-
minates Cluster 3 with a betweenness central-
ity of 233.28, while Australia leads Cluster 4
with a betweenness centrality of 535.24, each
representing the most collaboratively engag-
ed countries within their respective clusters
(Figure 1D; Table S1).

Biomedical text mining

We further engaged in the downloading, text
preprocessing, and mining of research papers
pertinent to virulence factors of invasive fungi,
as well as papers related to fungal research.

The top 30 high-frequency words and burst
words: Based on the results of keyword fre-
quency analysis, “Candida albicans” undoubt-
edly emerged as the most frequently occurring
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keyword. This aligns with the fact that research
on C. albicans predates other studies in the
domain of invasive fungal research, and it is
the most detected fungus in hospital-acquired
fungal infections. Furthermore, the appearance
of keywords such as “genome”, “transcription”,
and “metabolite” indicates that research meth-
odologies for studying virulence factors pre-
dominantly focus on genomics, transcription,
and metabolomics within the framework of
systems biology. Additionally, the frequent
occurrence of terms like “cell wall”, “biofilm”,
“temperature”, “morphogenesis”, and “immune
response” suggests that the invasive charac-
teristics and mechanisms of Candida species
are associated with these features (Figure 2A).
For instance, invasive fungi exhibit morphologi-
cal changes due to alterations in the cell wall
and biofilm in response to varying tempera-
tures, thereby facilitating invasion, especially in
hosts with compromised immune function.

Analysis of emerging keywords identified
“mutant”, “signal transduction”, and “filamen-
tous growth” as areas receiving substantial
attention in early research, including subse-
quent mentions of “hyphal formation” and
“mating type”. These findings highlight that
hyphal formation and growth are among the
most critical characteristics of fungal infec-
tions in hosts. In recent years, “Candida auris”,
known as a super-fungus, has also garnered
extensive research interest. Additionally, “Can-
dida glabrata” and “Candida parapsilosis”
have been widely studied, indicating that
besides C. albicans, new Candida species
have become prevalent in invasive fungal in-
fections in recent years. This trend is likely
linked to environmental changes and adaptive
mutations, warranting further investigation.
Emerging topics such as “biosynthetic gene
cluster” and “extracellular vesicle” have also
seen a surge in research focus in recent years
as novel biosynthetic pathways and drug deliv-
ery mechanisms, respectively (Figure 2B).

Gene set enrichment analysis: Disease set
enrichment analysis indicates a significant
association of C. albicans with respiratory
and gastrointestinal diseases, with disease
ratio of 0.101021 for respiratory diseases and
0.101391 for gastrointestinal diseases, res-
pectively (Figure 3A). Studies in larger quanti-
ties, significantly enriched within the field of
research on virulence factors of invasive fungi,
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Top 30 Keywords with
the Highest Frequency

candida albicans -
virulence factor -
transcription -

. genome -
biosynthesis -
population -

cell wall -

metabolite -

diversity -
susceptibility -
mortality -

_ fumigatus -+
transcription factor -
biofilm -

temperature -

gene expression -
cryptococcus neoforman -
tolerance
morphogenesis -
oxidative stress -
secondary metabolite -
disruption -

. morphology -
aspergillus fumigatus
biofilm formation -
macrophage -

. stress response -
immune response -
candidiasis -

saccharomyces cerevisiae

[T

1000 2000 3000

4000

B Top 30 Keywords with the Strongest Citation Bursts

Keywords
mutant
signal transduction
filamentous growth
reduced virulence
hyphal formation
gene disruption
genetic variation
aspartyl proteinase
sexual cycle
siderophore biosynthesis
mating type
avirulence gene
programmed cell death
comparative genomics
azole resistance
invasive candidiasis
stress tolerance
fatty acid
host-pathogen interaction
candida glabrata
candida parapsilosis
candida spp
fluconazole resistance
inflammation
mutation
candida auri
extracellular vesicle
climate change
biofilm
biosynthetic gene cluster

Year Strength Begin End

2000 31.7069 2000 2007
2000 35.5114 2000 2008
2000 29.8982 2000 2012
2000 13.444 2001 2005
2000 16.6263 2001 2010
2000 14.0749 2001 2015
2000 6.8467 2002 2008
2000 7.008 2003 2008
2000 8.5659 2004 2011
2000 10.5618 2007 2013
2000 6.4021 2008 2015
2000 3.8846 2009 2012
2000 9.7031 2011 2015
2000 4.8434 2015 2018
2000 6.4464 2016 2021
2000 3.7051 2017 2018
2000 10.171 2017 2020
2000 8.0107 2017 2020
2000 8.0517 2017 2021
2000 7.1345 2017 2023
2000 7.413 2018 2020
2000 7.0345 2018 2021
2000 6.6025 2018 2023
2000 6.8505 2019 2021
2000 5.8068 2019 2021
2000 18.0284 2019 2023
2000 14.1495 2019 2023
2000 9.5953 2019 2023
2000 9.8677 2020 2023
2000 7.0319 2021 2023

2000-2023

Figure 2. Biomedical text mining of keywords in publications. A. Top 30 highest frequency keywords. B. Top 30 burst
words, the “Strength” represents the citation strength of Burstword, red color represents the burst year from Begin

to End.
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Figure 3. Gene set enrichment analysis. A. Disease set enrichment analysis. B. Enrichment analysis of gastrointes-
tinal disease (red dot) and respiratory disease (blue dot). The y-axis represents disease categories within gastroin-
testinal or respiratory diseases, while the x-axis represents the p-value adjusted by FDR. C. Enrichment analysis of
genes related to hyphal formation in fungi or Candida albicans, respectively, the dot size represents the ratio of the
studied genes to the total number of genes related to fungi or Candida albicans research. The x-axis represents the

p-value adjusted by FDR. D. Drug set enrichment analysis.

also include those related to infectious diseas-
es and neuronal diseases. Conversely, respira-
tory and gastrointestinal diseases represent
two domains within fungal research that are
closely associated with specific human body
parts, and where research is relatively wide-
spread with more mature methodologies. This
suggests a notable prevalence of C. albicans in
conditions affecting these body systems, rein-
forcing the importance of understanding its
role in pathogenesis and progression of such
diseases.

Among the top 20 diseases significantly
enriched in studies on gastrointestinal and
respiratory illnesses, six pertain to gastrointes-
tinal diseases, while fifteen are related to respi-
ratory conditions. Notably, the diseases with
the highest number of studies and significant
enrichment are those associated with specific
fungal species, such as candidiasis, aspergi-
llosis, cryptococcosis, and others. Following
these, pneumonia and other pulmonary diseas-
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es are extensively studied. Therefore, it is high-
ly probable that invasive Candida species are
among the primary infectious agents in diseas-
es such as pneumonia (Figure 3B).

The enrichment analysis on microbial genus
and species, including bacteria and fungi, pro-
vides insight into the complex interplay be-
tween C. albicans and other microorganisms
(Figure S2). Notably, the analysis of fungal
data emphasizes the diverse microbial land-
scape in which C. albicans operates, further
highlighting the significance of studying its
interactions within the microbiome for potential
therapeutic interventions.

A focused enrichment analysis on hyphal for-
mation genes reveals the critical roles of EFG1
and ECE1 in C. albicans. EFG1, documented
136 times among 2,765 C. albicans-related
genes with a significant p-value of 6.75 x 10193,
and ECE1, with 87 records and a p-value of
3.87 x 1075, emerge as key virulence factors

Am J Transl Res 2024;16(7):3191-3210
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(Figure 3C). Their prominence in the data
underscores their potential as targets for thera-
peutic strategies, given their integral roles in
hyphal formation and pathogenicity.

Finally, the enrichment analysis of the drug set
revealed that lysine exhibits the highest signifi-
cance (Figure 3D). Lysine can affect the integ-
rity of the cell wall and the metabolic pathways
of invasive fungj, thereby influencing their inva-
siveness. Subsequently, NADPH plays a role in
protecting invasive fungi from oxidative stress
damage and can promote the synthesis and
repair of cell walls and membranes. Farnesol is
a crucial substance regulating the morphologi-
cal transition of invasive fungi, particularly
inhibiting the formation of fungal hyphae, thus
affecting their invasiveness. Mannose impacts
the composition and structure of the cell walls
of invasive fungi, influencing the fungus’s adhe-
siveness and invasiveness, as well as its adapt-
ability to various host environments. These
substances are pivotal in affecting the patho-
genicity of invasive fungi and are key factors in
the research of fungal virulence.

In summary, the enrichment analysis conclu-
sively demonstrates the pivotal roles of hyphal
formation genes, especially EFG1 and ECE1, in
the pathogenicity of C. albicans. Their signifi-
cant association with respiratory and gastroin-
testinal diseases highlights the impact of C.
albicans on human health, emphasizing the
need for targeted research on these genes.
Understanding the mechanisms behind hy-
phal formation can lead to novel therapeutic
approaches to combat infections caused by C.
albicans.

Population evolutionary analysis of key hyphal
formation genes

Candida albicans pan-genome construction:
Following an in-depth analysis of keywords
extracted from the literature, we curated and
examined 45 high-quality genomes of C. albi-
cans for comparative genomic studies (Table
S2). Our objective was to uncover the evolution-
ary dynamics of genes implicated in hyphal
formation.

Utilizing genomic structure predictions, we
charted the proteomic profile of C. albicans,
uncovering a vast array of protein lengths that
span from diminutive peptides of merely 40

3200

amino acids to extensive proteins exceeding
5000 amino acids (Figure S3B). Remarkably,
this diversity in protein lengths was consistent-
ly observed across various strains of C.
albicans.

The genomic analysis revealed that C. albicans
harbors approximately 5,300 coding genes
(Figure 4B). As our dataset expanded to in-
clude additional genomes, the gene family
count in C. albicans achieved a plateau at
7,242. Within this repertoire, 2,002 families
were identified as core gene families, account-
ing for 27.6% of the total gene pool, whereas
1,168 were delineated as strain-specific genes,
representing 16.1%. The balance comprises
dispensable genes, a substantial portion of
which are prevalent across the majority of C.
albicans strains. Specifically, 1,453 dispens-
able genes were detected in 44 strains, repre-
senting 20% of the gene families, and 764
genes were present in 43 strains, accounting
for 10.5% (Figures 4A, 4B, S3A).

Through presence-absence variation (PAV)
analysis, we scrutinized the distribution pat-
terns of 20 genes associated with hyphal for-
mation across different strains of C. albicans,
aiming to discern potential subspecific differen-
tiation based on these genetic markers. Our
analysis indicated that most of the hyphal for-
mation-related genes are almost universally
present in all examined C. albicans strains,
with a minority being absent in 2-3 strains.
Specifically, DPP3, HST7, and PDE2 were
absent in one strain each; CEK1, GPA2, and
HWP1 were missing in two strains; and CPH1
was absent in three strains (Figure 4C). These
findings suggest nuanced genetic variations
that may reflect evolutionary adaptations of C.
albicans in relation to hyphal formation, under-
scoring the complexity of its genome and the
potential for further subspecies differentiation.

Selection pressure analysis of the candidalysin
coding gene ECE1-1ll: Based on the enrichment
analysis of genes related to hyphal formation
and research over the recent five years on viru-
lence factors associated with hyphal formation
(Figure 3), transcription regulatory factor EFG1
and candidalysin coding gene ECE1 have been
identified as key factors in C. albicans for
hyphal formation and host invasion. EFG1 acts
as a transcriptional regulator within the cAMP-
PKA signaling pathway, while ECE1, upon cleav-
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age and modification by the Kex2/1p enzyme,
produces ECEZ-Ill, which ultimately forms can-
didalysin, posing a threat to human health.

Accordingly, we conducted a comparative
analysis of mutation sites specifically on
ECEZ-1I (SIIGIMGILGNIPQVIQIIMSIVKAFKGNK).
Through cluster analysis based on these muta-
tion sites, C. albicans strains can be catego-
rized into five groups. The first group (SC5314,
A48, A20, A84, P78048, P94015, P37037,
19F, L26, P34048, P57055, P37039, H892,
CATT7) represents the wild-type sequence. The
second group (NCYC 4145, A67, Cab29l,
P60002, P78042, A123) primarily exhibits
mutations 12F, I3L, G4S, M7T, G8A, 19L, S22G,
K28R. The third group (P75010, TIMM 1768,
ATCC18804, UCSD) is characterized by the I19L,
G11T, K25R mutation. The fourth group (A155,
P76067, P76055, ATCC 10231) exhibits muta-
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tions G4S, G11S and K25R. The fifth group
(WO-1,A92,A203,ATCC14053,GC75, P37005,
P57072, 12C, P87, P75063, P75016, Ca6,
NCYC 4146, NCYC 4144) is associated with the
G4S and K25R mutation. Notably, the second
group harbors the highest number of muta-
tions, with eight distinct mutation sites identi-
fied (Figure BA).

This detailed mutation site comparison and
subsequent cluster analysis of ECEZ1-Ill in C.
albicans not only offer insights into the genetic
diversity within this species but also under-
score the evolutionary adaptations that may
influence pathogenicity. Such findings enrich
our understanding of the molecular mecha-
nisms underlying hyphal formation and viru-
lence in C. albicans, paving the way for targeted
therapeutic strategies against this formidable
pathogen.
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Our analysis of the ECE1 gene using the Single sures when applying a p-value threshold of 0.1
Likelihood Ancestor Counting (SLAC) method [73]. We found no evidence of positive or diver-
revealed a significant pattern of selection pres- sifying selection, as indicated by the absence
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of sites with a dN/dS ratio greater than one. In
contrast, a substantial number of sites, specifi-
cally sixteen, were under negative or purifying
selection, suggesting a strong evolutionary
constraint to maintain the integrity of the ECE1
gene (Figure 5B; Table S3).

Within the ECE1-1ll coding region, one particular
site, 16, stood out with a notably negative dN/
dS ratio of -7.97, and a p value of 0.079 for dN/
dS being less than one (Figure 5B; Table S3).
This finding points to a significant purifying
selection at this site, emphasizing its potential
importance in the gene’s function and stability.
The negative dN/dS ratio at this site is indica-
tive of strong selective pressure to conserve
the amino acid sequence, likely due to its criti-
cal role in the protein’s function.

Additionally, we identified several sites with dN/
dS ratios exceeding one, including I12F, 13L,
G8A, I19L, and K25R, with respective values of
1.57, 1.62, 1.68, 3.28, and 1.55 (Figure 5B;
Table S3). These sites may be subject to posi-
tive selection, suggesting that adaptive chang-
es could occur at these positions. However, the
presence of these potentially adaptive sites
was not sufficient to alter the overall selection
pattern of the ECE1 gene, which is predomi-
nantly under purifying selection. The phyloge-
netic tree constructed from the dN/dS ratio
analysis was consistent with the tree derived
from mutational data, providing further support
for the accuracy of our selection pressure anal-
ysis (Figures 5A, S4, SH).

Candida albicans isolated from pneumonia
patients

Novel mutation sites: We performed whole-
genome sequencing on seven C. albicans
strains isolated from the sputum of pneumonia
patients. Additionally, we selected five repre-
sentative strains from the phylogenetic tree
mentioned in subsection 3.3.2.: SC5314,
NCYC4145, ATCC 10231, ATCC14053, and
ATCC18804 (Figure 5A). We extracted their
candidalysin coding sequences to further
explore their genetic diversity and potential bio-
logical significance.

Observations revealed that the candidalysin
coding sequences of the YF1 strain showed
high similarity with the type culture strain ATCC
14053, indicating great sequence conserva-
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tion in this particular strain, likely maintaining
similar biological functions and pathogenicity.
Conversely, the sequence characteristics of
YF3 and YF2-1 were closer to another type cul-
ture strain, ATCC 18804, suggesting that these
strains might share some biological properties
or adaptive evolutionary features with ATCC
18804 (Figure 6A).

Notably, strains such as YF5, YF2-3, YF2-5, and
YF2-11 formed a new cluster of candidalysin
coding sequences. The sequence variations
within this new cluster, especially mutations
at sites 12F, I3L, and G4S, warrant particular
attention, as they may be directly linked to the
high virulence of the YF2-5 strain (Figure 6A).

Selective sweep analysis: In selective sweep
analysis, we adopted an integrated approach,
focusing on two key population genetics param-
eters: Fst (fixation index) and m (nucleotide
diversity). For precise identification of genes
affected by selection, we normalized Fst values
via Z-score standardization. Specifically, regions
with a Z-score > 1.78 were identified as under
selection, employing a statistical threshold to
detect genetic markers significantly diverging
from the population mean.

Concurrently, we evaluated the m ratio (nu-
cleotide diversity comparison between type
culture strains and clinical strains) by comput-
ing log,(m_type_culture/m_clinical), establish-
ing two critical thresholds to distinguish selec-
tion areas for type culture strains and clinical
strains. Selection areas for type culture strains
were identified with a ratio < -1.62, whereas
areas for clinical strains were determined with
aratio >-0.21. This approach enabled the iden-
tification of specific regions impacted by selec-
tion, considering genetic diversity.

Using these criteria, we extracted two loci
with potential biological significance and anno-
tated their protein functions. Notably, within
the selection area of type culture strains, the
genes HOG1 and RHR2 were found, suggesting
potential variations in clinical strains (Figure
6B). These mutations might lead to diminished
inhibition signals within the HOG signaling
pathway, indirectly enhancing the expression
of downstream genes. Given the HOG path-
way’s crucial role in various cellular processes,
these mutations could significantly influence
the adaptation and evolution of clinical strains.
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This discovery offers valuable clues for further gPCR analysis

exploration of genetic variations between stan-

dard and clinical strains and their effects on Gene expression levels of ECE1, HOG1, and
pathogenic characteristics. RHR2 were assessed in representative strains
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selected from six different groups of C. albi-
cans to investigate the correlation between
gene expression and classification based on
mutation sites (Figure 6A). Additionally, we
examined whether the expression level of the
ECE1 gene correlates with its clinical origin.

In the analysis of ECE1 gene expression, the
relative fold changes in strains SC5314, ATCC
14053, ATCC 10231, and NCYC 4145 ranged
from 1.72 to 1.94, indicating relatively minor
variations. However, a significant increase was
observed in ATCC 18804, with a fold change
of 6.83 + 0.49 (P < 0.001). The clinical isolate
YF2-5 showed an even greater significant
increase, with a fold change of 26.04 + 1.45 (P
< 0.001) (Figure 7A). These findings suggest
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that mutation sites such as I2F and M7T in the
ECE1 gene may be associated with higher gene
expression and increased pathogenicity.

For the HOG1 and RHR2 genes, the relative
fold changes of expression levels ranged from
0.34 to 0.56 and 0.51 to 0.69, respectively,
with no significant differences observed am-
ong the strains (Figure 7B, 7C). The variations
between clinical and standard strains may be
influenced by factors beyond these two genes.

Discussion
The GSE analysis has significantly advanced

our understanding of the virulence factors
associated with C. albicans, particularly candi-
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dalysin. The strong association of C. albicans
with respiratory and gastrointestinal diseases
highlights its role in pathogenesis and progres-
sion of these infections. This connection under-
scores the necessity for targeted research on
hyphal formation genes, such as EFG1 and
ECE1, which play pivotal roles in the pathoge-
nicity of C. albicans. By focusing on these
genes, researchers can identify novel thera-
peutic targets, potentially leading to more
effective treatments for C. albicans infections.

The population evolutionary analysis of key
hyphal formation genes, including the candida-
lysin coding gene ECE1, has provided valuable
insights into the genetic diversity within C.
albicans [75-79]. The identification of novel
mutation sites and the classification of C. albi-
cans strains based on these mutations suggest
a complex evolutionary landscape that may
influence pathogenicity and antifungal resis-
tance. Understanding the evolutionary dynam-
ics of candidalysin can inform the development
of antifungal agents that are less susceptible to
resistance, enhancing the efficacy of treatment
strategies against Candida infections [80-82].

The discovery of novel mutation sites in the
candidalysin coding sequences from strains
isolated from pneumonia patients represents
a significant advancement in our understand-
ing of C. albicans pathogenicity. These muta-
tions may confer increased virulence or altered
antifungal susceptibility, highlighting the im-
portance of genetic profiling in clinical settings.
By identifying strains with specific mutations,
healthcare providers can tailor treatment strat-
egies to the genetic characteristics of the
infecting strain, potentially improving patient
outcomes [37, 83, 84].

The geographical analysis of research collabo-
ration networks highlights the importance of
international cooperation in advancing our
understanding of fungal virulence factors.
Collaborative efforts can accelerate the dis-
covery of novel therapeutic targets and anti-
fungal agents, globally pooling resources and
expertise. Enhancing collaboration between
researchers in this field could lead to break-
throughs in the management and treatment of
Candida infections.

We compared the expression levels of the
ECE1, HOG1, and RHR2 genes among different
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strains of C. albicans. The results indicate that
specific mutation sites in strains YF2-5 and
ATCC 18804 may lead to increased expression
of the ECE1l gene, potentially elevating the
pathogenic risk associated with these strains.
This novel finding provides a theoretical basis
for the detection and targeted therapy of high-
risk C. albicans strains, as well as offers viable
strategies for the prediction and prevention of
these pathogens.

However, potential genes HOG1 and RHR2
identified through selective sweep analysis did
not show any correlation with the clinical origin
of the strains, suggesting the involvement of
more complex mechanisms. Further research
is needed to elucidate these relationships and
underlying biological processes.

Future research should continue to explore the
genetic basis of C. albicans pathogenicity, with
a focus on understanding the mechanisms
behind hyphal formation and the role of candi-
dalysin in host invasion. Additionally, efforts
should be made to identify and characterize
novel antifungal compounds through compre-
hensive drug discovery and development pro-
grams. By addressing these key areas, the sci-
entific community can make significant strides
in combating Candida infections, improving
patient outcomes and reducing the burden
of these diseases on healthcare systems
worldwide.

Conclusions

This study has significantly advanced our
understanding of the pathogenicity of C. albi-
cans, particularly focusing on candidalysin’s
role in respiratory and gastrointestinal diseas-
es through Gene Set Enrichment analysis and
Evolutionary Dynamics research. By identifying
novel mutation sites and uncovering strain-
specific genetic diversity, our findings under-
score the importance of targeting hyphal for-
mation genes for novel therapeutic develop-
ments. The collaborative nature of this rese-
arch highlights the global effort required to
combat fungal infections effectively. Future
studies should aim to translate these genetic
and evolutionary insights into practical applica-
tions, enhancing the diagnosis, treatment, and
management of candidiasis, thereby contribut-
ing to improved public health outcomes.
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4.223838738
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Table S2. The basic information of the collected high-quality genomes of Candida albicans

species strain_name  assembly_level scaffolds_number Genome_size GC_percentage N50 N9O
Candida albicans NCYC 4144 Chromosome 8 14699975 0.336045307 2276033 1060689
Candida albicans NCYC 4145 Chromosome 8 15454853 0.336750345 2451893 1111516
Candida albicans NCYC 4146 Chromosome 8 15484668 0.3358533 2336946 1236692
Candida albicans SC5314 Chromosome 8 14282666 0.334555585 2231883 1033292
Candida albicans ~ TIMM 1768 Chromosome 8 14425299 0.336279928 2264089 1199025
Candida albicans H892 Contig 13 14578683  0.33548634 1725750 753764
Candida albicans SC5314-GTH12 Chromosome 17 28593212  0.334839729 2231038 1032182
Candida albicans ~ SC5314-PO Chromosome 17 28599939 0.334467016 2231689 1032578
Candida albicans WO-1 Chromosome 17 14472953 0.334692895 1768732 958737
Candida albicans  ATCC 18804 Chromosome 23 14787852  0.336198547 1642426 1047916
Candida albicans P76055 Scaffold 38 14453368 0.333685777 988382 365523
Candida albicans P87 Scaffold 44 14461023 0.334069825 858745 315674
Candida albicans P37005 Scaffold 45 14473555 0.334353355 769828 251431
Candida albicans P57072 Scaffold 45 14509911 0.333640224 793722 350221
Candida albicans P76067 Scaffold 45 14622326  0.333746873 784277 331145
Candida albicans P60002 Scaffold 47 14791426  0.334308371 1172852 334638
Candida albicans P37037 Scaffold 48 14475823 0.333675565 473104 288094
Candida albicans 12C Scaffold 50 14897039  0.334095407 536647 234118
Candida albicans A203 Scaffold 50 14785429 0.333570689 785987 236111
Candida albicans P37039 Scaffold 50 14523568 0.333985527 791860 329206
Candida albicans P75016 Scaffold 50 14680338 0.334454268 1306612 301345
Candida albicans P75063 Scaffold 51 14453728 0.333797594 741340 304347
Candida albicans P34048 Scaffold 52 14542907 0.333889347 554132 241195
Candida albicans A92 Scaffold 54 14607426  0.333555141 763011 273804
Candida albicans P57055 Scaffold 56 14594318 0.333785314 545440 232682
Candida albicans P75010 Scaffold 56 14862837 0.334524891 910766 353438
Candida albicans L26 Scaffold 57 14516741  0.333968908 577645 225852
Candida albicans P94015 Scaffold 58 14742595  0.33380205 1053458 330295
Candida albicans P78048 Scaffold 59 14503432 0.333780911 710135 250295
Candida albicans CA77 Contig 60 14133179 0.336679809 395935 144803
Candida albicans 19F Scaffold 60 14573765 0.333916823 551228 271191
Candida albicans AB7 Scaffold 64 14688178 0.333699949 581324 244905
Candida albicans UCSD Scaffold 66 14641704 0.338402268 322592 153873
Candida albicans FDAARGOS_656 Contig 69 17026608 0.336127254 833775 58861
Candida albicans P78042 Scaffold 70 14676842 0.333832939 479789 211261
Candida albicans A20 Scaffold 71 14553017 0.333876491 810716 237725
Candida albicans GC75 Scaffold 73 14696915 0.333493296 559034 178724
Candida albicans A123 Scaffold 75 14638035 0.333402476 601048 168349
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Candida albicans Ca6b Scaffold 82 14716334 0.333517113 400469 184103
Candida albicans A155 Scaffold 84 14465145 0.333591309 483784 179012
Candida albicans A84 Scaffold 86 14691637 0.333355546 535335 222519
Candida albicans A48 Scaffold 87 14699976  0.333415148 422886 139669
Candida albicans Cab29L Scaffold 87 14671346  0.334783459 1231433 304407
Candida albicans  ATCC 14053 Scaffold 100 14889980 0.33334147 385709 132990
Candida albicans ~ ATCC 10231 Scaffold 1404 16602237 0.336747555 30438 5479
Virulence

y=-251+0129x R2;=094
p vlaue = 2.72e-20
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Figure S1. Exponential growth model of publication growth trend.
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Figure S2. The top 20 genera and species mentioned most frequently in the publications.
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Figure S3. The number and protein length of each strain’s gene family.



Table S3. dN/dS value of each sites in ECE1

Candidalysin in Candida albican

Partition  Site ES EN S N P[S] ds dN dN-dS P[dN/dS > 1] P[dN/dS < 1] Total branch length
1 1 0 3 0O O 0 null 0 null 1 1 0.33133995
1 2 0.584515448 2.213059855 0 0 0.208936448 0 0 0 1 1 0.33133995
1 3 0.652100684 2.347899316 O O 0.217366895 0 0 0 1 1 0.33133995
1 4 1 2 0O O 0.333333333 0 0 0 1 1 0.33133995
1 5 0.584515448 2.213059855 0 O 0.208936448 0 0 0 1 1 0.33133995
1 6 0.905198178 2.094801822 0 0 0.301732726 0 0 0 1 1 0.33133995
1 7 1 2 0O O 0.333333333 0 0 0 1 1 0.33133995
1 8 0.699746916 2.094801822 O O 0.250397106 0 0 0 1 1 0.33133995
1 9 1 2 0O O 0.333333333 0 0 0 1 1 0.33133995
1 10 1 2 0 O 0.333333333 0 0 0 1 1 0.33133995
1 11 1 2 0O O 0.333333333 0 0 0 1 1 0.33133995
1 12 0.695205406 2.304794594 2 0 0.231735135 2.876847593 0 -8.682465224 1 0.053701173 0.33133995
1 13 1 2 0 O 0.333333333 0 0 0 1 1 0.33133995
1 14 1.284262364 1.415484552 O O 0.475697317 0 0 0] 1 1 0.33133995
1 15 1 2 0 O 0.333333333 0 0 0 1 1 0.33133995
1 16 1 2 0 O 0.333333333 0 0 0 1 1 0.33133995
1 17 0.584515448 1.763383867 O O 0.248952519 0 0 0 1 1 0.33133995
1 18 1 2 0 O 0.333333333 0 0 0 1 1 0.33133995
1 19 1 2 0O O 0.333333333 0 0 0 1 1 0.33133995
1 20 0.853621823 2146378177 0 O 0.284540608 0 0 0 1 1 0.33133995
1 21 0.858839706 2.141160294 4 0O 0.286279902 4.657446522 0 -14.05639894 1 0.006716816 0.33133995
1 22 0.652100684 2.347899316 O O 0.217366895 0 0 0 1 1 0.33133995
1 23 0.699746916 2.300253084 0 O 0.233248972 0 0 0 1 1 0.33133995
1 24 1 2 0O O 0.333333333 0 0 0 1 1 0.33133995
1 25 1 2 0 O 0.333333333 0 0 0 1 1 0.33133995
1 26 0.584515448 2.303310317 O O 0.202406757 0 0 0 1 1 0.33133995
1 27 0.652100684 2.347899316 0 O 0.217366895 0 0 0 1 1 0.33133995
1 28 0.652100684 2.347899316 O O 0.217366895 0 0 0 1 1 0.33133995
1 29 0 3 0O O 0 null 0 null 1 1 0.33133995
1 30 0.692356487 2105218816 1 O 0.247484486 1.444342644 0 -4.359095981 1 0.247484486 0.33133995
1 31 0.797575304 2 0 O 0.285095205 0 0 0 1 1 0.33133995
1 32 0.665295626 2.301167119 0 3 0.224272369 0 1.303686279 3.934588266 0.466796707 1 0.33133995
1 33 1 2 0 O 0.333333333 0 0 0 1 1 0.33133995
1 34 1 2 1 1 0.333333333 1 0.5 -1.509024191 0.888888889 0.555555556 0.33133995
1 35 1 2 0 O 0.333333333 0 0 0 1 1 0.33133995
1 36 1 2 0O O 0.333333333 0 0 0 1 1 0.33133995
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Figure S4. Evolutionary tree based on dN/dS analysis of ECE1-lll.
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Figure S5. Clustering and binding energy of top 100 candidate drugs.
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