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Abstract 
Candida species (CS) are significant fungal pathogens responsible for a wide range of infections in humans, making 
their precise and timely identification crucial for effective treatment and disease management. Traditional 
identification methods, such as phenotypic assays and culture-based techniques, often suffer from limitations, 
including prolonged processing times, limited accuracy, and inadequate differentiation between species. As a result, 
molecular techniques have gained prominence for their ability to rapidly and accurately identify and characterize 
various Candida species. This review discusses the shortcomings of conventional methods and highlights the array of 
molecular strategies that have been developed, such as polymerase chain reaction (PCR) assays, DNA sequencing, and 
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). These techniques 
leverage the unique genetic and proteomic profiles of Candida species to provide highly sensitive and specific 
identification, even distinguishing between closely related strains. Additionally, the review explores the use of 
molecular approaches in clinical diagnostics, epidemiological studies, and antifungal resistance monitoring, where they 
enable the rapid detection of Candida species from clinical samples, allowing for swift diagnosis and timely antifungal 
intervention. Furthermore, these techniques are instrumental in identifying clonal outbreaks and tracking 
transmission dynamics in healthcare settings. The review emphasizes the advantages of molecular methods—such as 
their precision, speed, and capacity to uncover cryptic species—while also calling for continued research to improve 
their efficacy and broader application in Candida species identification. 
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Introduction
Candida species are significant as opportunistic 

fungal pathogens that can trigger various humans’ 

infections. Precise identification and 

characterization of these species are essential for 

effective treatment, selecting the right antifungal 

agents, and understanding the spread and 

behaviour of candidiasis. While traditional 

identification methods, such as culture-based 

techniques and phenotypic assays, have been 

useful, they suffer from issues like slow processing 

times, limited accuracy, and difficulty in 

distinguishing between species. As a result, the 

adoption of molecular techniques has transformed 

this area of study. These modern methods offer a 

faster, more accurate way to identify and 

differentiate Candida species by analysing their 

genetic and proteomic profiles. This review 

discusses the advancements in molecular 

techniques that are enhancing the identification 

and characterization of Candida species, focusing 

on their implications for clinical practice and 

epidemiological studies (1). One of the key 

molecular techniques employed for Candida 

species identification is polymerase chain reaction 

(PCR). PCR assays targeting specific Candida genes 

or regions can rapidly amplify and detect Candida 

DNA, enabling sensitive and specific identification 

(2). Additionally, DNA sequencing technologies, 

such as Sanger sequencing and next-generation 

sequencing (NGS), have provided comprehensive 

genotypic analysis, allowing for precise species 

identification and the detection of genetic markers 

associated with antifungal resistance and 

virulence (3). Matrix-assisted laser 

desorption/ionization time-of-flight mass 
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spectrometry (MALDI-TOF MS) has emerged as a 

powerful tool for rapid and accurate Candida 

species identification. MALDI-TOF MS analyses the 

protein profiles of microbial isolates and can 

differentiate Candida species based on unique 

mass spectra patterns (4).  Molecular techniques, 

including multilocus sequence typing (MLST) and 

whole-genome sequencing (WGS), have greatly 

enhanced our insight into the epidemiology of 

Candida outbreaks. By examining the genetic 

profiles of Candida strains, these methods enable 

the identification of clonal outbreaks, facilitate the 

tracking of specific strain distributions, and help 

clarify the origins and pathways of transmission 

(5).  

Overview: Candida Species 
Candida species belong to the kingdom Fungi, 

phylum Ascomycota, class Saccharomycetes, 

family Saccharomycetaceae, and genus Candida. 

These unicellular yeasts exhibit a variety of shapes, 

typically ovoid or spherical (6). They have an 

incomplete sexual reproduction cycle. Commonly, 

Candida species are harmless residents in the 

human body, inhabiting areas like the respiratory 

system, gastrointestinal tract, vaginal mucosa, oral 

cavity, and skin in healthy people. Additionally, 

they are found in various external environments 

such as plants, water, and soil. These yeasts are 

versatile in their ability to break down proteins 

and carbohydrates, which serve as essential 

sources of carbon and nitrogen for their growth 

(7). The relationship between native species of 

Candida and human hosts is shaped by numerous 

elements, such as pathogenic, physiological, 

mechanical, and medically induced factors. This 

interaction enables Candida species to trigger 

various infections with a broad spectrum of clinical 

symptoms. These can vary from mild, superficial 

infections to severe, invasive diseases that can 

compromise several organs and potentially lead to 

the death of the host (8).  Among the nearly 200 

different Candida species, a small number of them 

are of particular clinical significance. The most 

prevalent ones include Candida albicans (9-11), 

Candida tropicalis (12), Candida glabrata (13, 14), 

Candida krusei (15), and Candida parapsilosis (16) 

(which further include Candida orthopsilosis and 

Candida metapsilosis). These species are 

responsible for more than 90% of invasive Candida 

infections (15). Additionally, there are emerging 

Candida species, such as Candida guilliermondii 

(15), Candida dubliniensis (17), Candida lusitaniae, 

Candida kefyr, Candida rugosa, Candida famata, 

Candida utilis, Candida lipolytica, Candida 

norvegensis, and Candida inconspicua, which have 

clinical relevance and have been identified as 

causative agents of both superficial and systemic 

infections (18). 

Importance of Accurate Candida 

Species Identification 
Accurate identification of Candida species is 

crucial for several reasons, significantly impacting 

clinical outcomes, therapeutic decisions, and 

epidemiological insights into candidiasis. By 

precisely identifying Candida species, clinicians 

can tailor treatment strategies to the specific 

fungal pathogen, enhancing the efficacy of 

antifungal therapies. This level of specificity not 

only leads to better patient management but also 

aids in understanding the spread and behaviour of 

different Candida species within populations. 

Ultimately, accurate Candida species identification 

ensures that patients receive the most effective 

treatment, promoting faster recovery and 

minimizing the risk of complications associated 

with inappropriate or ineffective therapy. 

Impact on Patient Management 
Accurate species identification helps in 

determining the appropriate antifungal therapy 

for candidiasis. Different Candida species may 

exhibit varying susceptibilities to antifungal 

agents. For example, Candida glabrata and Candida 

krusei are known to be less susceptible to azole 

antifungals, while Candida albicans is generally 

more susceptible. Therefore, accurate 

identification allows tailored treatment 

approaches based on the specific Candida species 

involved (18). 

Selection of Targeted Antifungal 

Therapy 
Certain antifungal agents may have better efficacy 

against specific Candida species. For instance, 

echinocandins are considered the treatment of 

choice for invasive Candida infections caused by 

Candida glabrata or Candida krusei, while azoles 

are commonly used for Candida albicans infections. 

Accurate identification of the causative species 

enables the selection of the most appropriate 

antifungal therapy, optimizing treatment 

outcomes (18, 19). 
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Understanding the Epidemiology of 

Candidiasis 
Accurate species identification plays a vital role in 

tracking the epidemiology of candidiasis. It helps 

identify the prevalence of different Candida 

species in various geographic regions and 

healthcare settings, as well as detect trends in 

antifungal resistance. This knowledge is essential 

for implementing appropriate infection control 

measures and guiding public health policies to 

combat the spread of resistant Candida species (18, 

19). 

Limitations of Traditional Methods for 

Candida Species Identification 
Traditional methods for Candida species 

identification, such as phenotypic assays and 

culture-based techniques, have several limitations 

that can impact the accuracy and efficiency of 

identification (20). These limitations highlight the 

need for more advanced molecular methods in 

Candida species identification. 

Phenotypic Assays 

Phenotypic assays rely on the observation of 

various characteristics, such as colony 

morphology, biochemical reactions, and growth at 

different temperatures or on specific media. 

However, these methods may lack specificity and 

accuracy, leading to misidentification or difficulty 

in distinguishing closely related Candida species 

(21). Furthermore, phenotypic assays may require 

extended incubation periods, resulting in delays in 

obtaining conclusive identification. 

Culture-based Techniques 

Culture-based techniques involve the growth of 

Candida isolates on specific agar media followed 

by morphological examination. While these 

methods have been traditionally used, they have 

limitations, including the requirement for skilled 

laboratory personnel, time-consuming 

procedures, and the potential for contamination or 

overgrowth by other microorganisms (22). 

Challenges in Species Differentiation 

Some Candida species exhibit similar 

morphological and biochemical characteristics, 

making their differentiation challenging using 

conventional methods alone. For example, 

distinguishing Candida dubliniensis from Candida 

albicans or accurately identifying emerging species 

with clinical significance, such as Candida auris, 

can be difficult (23, 24). 

Accuracy in Detecting Mixed Infections 

Traditional methods may struggle to detect mixed 

Candida infections accurately, where more than 

one species coexist. These infections can be 

particularly problematic as different species may 

respond differently to treatment and have varying 

degrees of pathogenicity (13). 

Overview of Molecular Methods for 

Candida Species Identification 
Molecular methods have revolutionized the field of 

Candida species identification by providing rapid, 

accurate, and reliable results. These techniques 

utilize the genetic information of Candida species 

to enable precise identification and 

characterization Table 1. Below, Table 1 provides 

an overview of commonly used molecular methods 

for identifying Candida species, highlighting their 

respective advantages and limitations.

 

Table 1: Comparison of Molecular Methods for Candida Species Identification 

Method Principle Target Gene(s) Advantages Limitations 

PCR-RFLP PCR amplification 

followed by restriction 

fragment length 

polymorphism 

ITS region, D1/D2 

region of 28S rRNA 

gene, or other 

genomic regions 

Rapid, cost-

effective, high 

discriminatory 

power 

Requires post-PCR 

manipulation, may 

lack species 

specificity 

Real-time 

PCR 

PCR amplification with 

real-time detection of 

fluorescent signal 

ITS region, other 

conserved regions 

High sensitivity 

and specificity, 

quantitative 

analysis possible 

Expensive 

instrumentation, 

susceptibility to 

PCR inhibitors 

Multiplex 

PCR 

Simultaneous 

amplification of 

multiple target 

sequences 

ITS region, other 

conserved regions 

High throughput, 

simultaneous 

detection of 

multiple species 

Primers design can 

be challenging, 

increased risk of 
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nonspecific 

amplification 

DNA 

Sequencing 

Determination of 

nucleotide sequence of 

target DNA fragment 

ITS region, D1/D2 

region of 28S rRNA 

gene, other genomic 

regions 

High accuracy, 

species-level 

identification 

Time-consuming, 

expensive, requires 

specialized 

equipment and 

expertise 

MALDI-

TOF MS 

Matrix-assisted laser 

desorption/ionization 

time-of-flight mass 

spectrometry 

Protein profiling Rapid, high-

throughput, 

accurate 

Database 

limitations, may 

require extensive 

sample preparation 

DNA 

Microarray 

Hybridization of DNA 

probes to target 

sequences on a 

microarray 

Species-specific 

probes 

High throughput, 

simultaneous 

detection of 

multiple species 

Expensive, limited 

availability of 

commercial arrays, 

interpretation of 

results may be 

complex 

Polymerase Chain Reaction (PCR) Assays 

PCR assays are widely employed for the detection 

and identification of Candida species. These 

methods amplify specific regions of the Candida 

genome, such as the internal transcribed spacer 

(ITS) region, to generate DNA fragments that can 

be analysed. PCR-based assays offer high 

sensitivity, specificity, and speed, allowing for the 

rapid identification of Candida species from 

various clinical specimens (25). 

DNA Sequencing Techniques 

DNA sequencing methods, including Sanger 

sequencing and next-generation sequencing 

(NGS), have significantly advanced Candida 

species identification. Sanger sequencing involves 

determining the nucleotide sequence of target 

genes, such as the ITS region, to identify Candida 

species based on genetic variations. NGS 

technologies allow for the simultaneous 

sequencing of multiple Candida isolates, providing 

comprehensive genomic information and 

facilitating the detection of novel or emerging 

species (26). 

Matrix-Assisted Laser Desorption/Ionization 

Time-of-Flight Mass Spectrometry (MALDI-TOF 

MS) MALDI-TOF MS has emerged as a powerful 

tool for the rapid identification of Candida species. 

It relies on the detection of unique protein profiles 

in Candida isolates, allowing for quick and accurate 

species identification. MALDI-TOF MS has 

demonstrated high sensitivity and specificity and 

can be integrated into routine laboratory 

workflows for efficient Candida species 

identification (27). 

Multilocus Sequence Typing (MLST) 

MLST involves sequencing multiple conserved 

genetic loci in Candida isolates to determine their 

genetic diversity and relatedness. By comparing 

the sequences of specific genes among different 

Candida species, MLST can provide insights into 

their phylogenetic relationships and population 

structures. This method is particularly useful for 

epidemiological studies and tracking the spread of 

Candida infections (28). 

Biochemical Assay Techniques for 

Candida Identification 
Biochemical assay techniques for Candida species 

identification, such as sugar assimilation, 

chromogenic media, and enzymatic activity assays, 

have been foundational in microbiology labs. 

These methods allow clinicians to differentiate 

Candida species by studying their metabolic and 

biochemical profiles, though they come with 

several limitations, especially in clinical settings 

where rapid and accurate diagnosis is crucial. 

Sugar Assimilation and Fermentation Tests 

One of the most commonly used biochemical 

approaches; these tests analyze how various 

Candida species metabolize different sugars. For 

example, Candida albicans ferments glucose, 

maltose, and sucrose, while Candida glabrata is 

more limited, fermenting only glucose and 

trehalose (29). These distinctions form the basis 

for identifying species. Systems like API 20C AUX 

and VITEK 2 have automated these processes, 

making them more efficient. However, despite 

automation, these tests often take 24 to 72 hours 

to generate results, which can delay the treatment 
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of critical infections. Moreover, they struggle to 

differentiate closely related species like Candida 

albicans and Candida dubliniensis, leading to 

potential misdiagnosis, particularly when species 

have overlapping sugar assimilation profiles (30). 

Chromogenic Media 

Chromogenic media, like CHROMagar Candida, 

provide a more rapid option, yielding results in 24 

to 48 hours by producing visually distinct colony 

colors. For instance, Candida albicans appears as 

green colonies, while Candida krusei produces pink 

colonies (31). This simplicity makes it a popular 

choice, especially for laboratories seeking faster 

presumptive identification. However, 

chromogenic media have limitations, particularly 

with less common species. Some species, such as 

Candida parapsilosis, form white or cream-colored 

colonies, making it difficult to distinguish between 

them (32). This technique also lacks the ability to 

identify mixed infections, which could complicate 

treatment plans if one species is dominant while 

others are overlooked. 

Enzymatic Activity Assays 

These assays focus on the production of enzymes, 

such as phospholipase or proteinase, which are 

associated with the pathogenicity of different 

Candida species. For instance, Candida albicans 

and Candida tropicalis produce high levels of 

phospholipase, while Candida glabrata does not. 

While enzyme production is valuable for 

understanding virulence, it’s not always reliable 

for species identification due to variability in 

enzyme expression, which can depend on 

environmental conditions (33). Additionally, these 

tests require extended incubation times, further 

delaying the diagnostic process. 

Limitations of Biochemical Assays 
Sensitivity and Specificity Issues 

Many biochemical assays cannot differentiate 

between species with similar metabolic profiles, 

like Candida albicans and Candida dubliniensis 

(34). Misidentification of species can lead to 

incorrect treatment choices, which is particularly 

problematic given that these species may respond 

differently to antifungal drugs. 

Prolonged Turnaround Time 

Biochemical methods are relatively slow, often 

taking days to deliver results. In cases of invasive 

candidiasis, where every hour counts, delays in 

diagnosis can result in worse patient outcomes. 

Rapid diagnosis is crucial for initiating appropriate 

antifungal therapy and improving patient survival 

rates (35). 

Inability to Detect Cryptic or Rare Species 

Biochemical methods may fail to identify emerging 

or rare pathogens like Candida auris, which have 

become significant due to their antifungal 

resistance (36). Cryptic species, which may appear 

morphologically similar to more common species, 

require more advanced methods, like molecular 

techniques, for accurate identification (37). 

Limited Use in Mixed Infections 

These assays may not effectively detect mixed 

infections, where multiple Candida species are 

involved. Identifying only the dominant species 

could lead to incomplete treatment strategies, as 

the undetected species may contribute to the 

infection’s resistance profile or pathogenicity (38). 

Advantages of Molecular Methods over 

Traditional Approaches 
Molecular methods for Candida species 

identification offer several advantages over 

traditional approaches, providing more accurate, 

rapid, and reliable results, as outlined in Table 2. 

Some key benefits of molecular methods include: 

Increased Accuracy and Specificity 

Molecular methods target specific genetic regions 

or sequences, enabling precise identification of 

Candida species. These methods can differentiate 

closely related species that may have similar 

phenotypic characteristics, reducing the chances of 

misidentification (2, 39). By detecting species-

specific genetic markers, molecular methods 

enhance the accuracy and specificity of Candida 

species identification. 

Rapid Turnaround Time 

Molecular methods provide significantly faster 

results compared to traditional techniques. 

Techniques such as PCR assays and MALDI-TOF MS 

can deliver species identification within hours, 

allowing for timely decision-making regarding 

patient management and appropriate antifungal 

therapy selection (25, 27, 40). This rapid 

turnaround time is crucial in managing invasive 

Candida infections, where timely treatment is 

critical for patient outcomes. 

Enhanced Sensitivity 

Molecular methods exhibit higher sensitivity for 

Candida detection, even at low fungal loads. PCR 

assays, for example, can amplify and detect 

Candida DNA even when the organism is present in 

small quantities, increasing the chances of accurate 
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detection in clinical specimens (27). This enhanced 

sensitivity enables the detection of Candida 

species that may have otherwise been missed by 

conventional culture-based methods. 

Detection of Mixed Infections 

Molecular methods are valuable in detecting mixed 

Candida infections, where multiple species coexist. 

By amplifying and analysing specific genetic 

targets, these methods can identify and 

differentiate multiple Candida species present in a 

single clinical sample, aiding in tailored treatment 

approaches (41-44). This capability is particularly 

beneficial in complex clinical scenarios and 

immunocompromised patients. 

Potential for Simultaneous Detection of 

Resistance Markers 

Molecular methods can also be employed to detect 

antifungal resistance markers in Candida species. 

This enables the identification of drug-resistant 

strains and helps guide appropriate antifungal 

therapy selection (45-48). Combining species 

identification with resistance detection in a single 

assay provides a comprehensive understanding of 

the clinical isolate's characteristics. 

This Table 2 compares molecular technologies 

(e.g., PCR, MALDI-TOF) and traditional 

identification techniques (biochemical assays, 

culture-based methods) for Candida species 

identification. It evaluates key factors such as 

sensitivity, specificity, turnaround time, cost, and 

clinical feasibility, highlighting the strengths and 

limitations of each method in diagnostic settings. 
 

Table 2: Comparative Analysis of Molecular Technologies vs. Traditional Identification Techniques for 

Candida Species 

Criteria Molecular Technologies (e.g., PCR, 

MALDI-TOF, DNA Sequencing) 

Traditional Identification Techniques 

(Biochemical Assays, Culture-Based) 

Sensitivity - High sensitivity 

- Can differentiate closely related 

species and cryptic species 

- Detects mixed infections and low 

fungal loads (36) 

- Moderate to low sensitivity 

- Difficult to distinguish cryptic or rare 

species 

- Requires sufficient fungal growth for 

accurate detection (49) 

Specificity - Very high specificity 

- Targets species-specific genetic or 

proteomic markers 

- Reduces chances of 

misidentification (50) 

- Variable specificity 

- May misidentify closely related species 

due to overlapping metabolic profiles 

- Limited for non-albicans Candida species 

(51) 

Time - Rapid results (hours) 

- PCR, MALDI-TOF can provide 

same-day results 

- Suitable for urgent clinical 

decisions (52) 

- Slow turnaround time (days to weeks) 

- Requires fungal growth, metabolic tests, 

and manual interpretation 

- Time-consuming for critical care cases 

(35) 

Cost - Higher upfront cost due to 

equipment and reagents 

- Reduced long-term cost with 

automation 

- Economical for high-throughput 

laboratories (53) 

- Lower upfront costs 

- Consumables (media, reagents) are 

generally less expensive 

- High costs in the long term due to repeated 

testing and delays (54) 

Feasibility in 

Clinical Settings 

- Highly feasible in well-equipped, 

modern laboratories 

- Requires trained personnel and 

specialized equipment 

- Limited access in resource-limited 

settings (55) 

- Feasible in most clinical labs 

- Can be performed without specialized 

equipment 

- Easily accessible in low-resource settings 

(15) 

Detection of 

Antifungal 

Resistance 

- Can detect antifungal resistance 

markers (e.g., ERG11 mutations) 

- Real-time PCR can guide targeted 

therapy (56) 

- Limited in resistance detection 

- Requires separate tests for susceptibility, 

which adds to time and cost (57) 
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Detection of 

Mixed Infections 

- Can detect mixed species in a 

single assay (e.g., multiplex PCR) 

- Crucial for co-infections that 

influence treatment outcomes (58) 

- Limited ability to detect mixed infections 

- Dominant species may mask the presence 

of others (59) 

Application in 

Epidemiological 

Studies 

- Useful for outbreak detection and 

transmission tracking 

- Can perform strain-level typing 

(36) 

- Less effective for strain typing 

- Limited utility for tracking transmission 

and genetic diversity (60) 

Addressing Technical Challenges in PCR for 

Candida Species Identification 

While PCR offers significant advantages in 

sensitivity and specificity for the identification of 

Candida species, several technical challenges can 

complicate its application in clinical laboratories. 

These include the potential for false positives and 

false negatives, difficulties with DNA extraction 

from clinical samples, contamination risks, and 

PCR inhibition. Addressing these issues is crucial 

for ensuring the accuracy and reliability of PCR-

based methods in routine diagnostics. 

False Positives and False Negatives 

PCR assays, although highly sensitive, can be 

susceptible to both false positives and false 

negatives. False positives often occur due to 

contamination with extraneous DNA, particularly 

in high-throughput laboratories handling multiple 

samples. This is a critical concern in Candida 

identification, as even minute traces of fungal DNA 

can lead to misidentification. Conversely, false 

negatives may arise if the fungal DNA 

concentration in the sample is too low or if the 

target DNA sequence is mutated or degraded (61, 

62). To mitigate false positives, stringent 

contamination control measures are essential. 

These include the use of separate areas for DNA 

extraction, reagent preparation, and PCR 

amplification, as well as the use of negative 

controls in every assay batch (63). For false 

negatives, sample quality is critical; ensuring 

adequate fungal load through optimized sample 

collection and storage, coupled with the use of 

highly sensitive primers that target conserved 

genetic regions of Candida species, can 

significantly reduce the risk of undetected 

infections (35). 

DNA Extraction from Clinical Samples 

One of the most significant challenges in PCR-

based Candida identification is the extraction of 

high-quality DNA from clinical samples, such as 

blood, tissues, or sterile body fluids. Clinical 

samples often contain inhibitors that can interfere 

with PCR reactions, such as heme in blood or 

complex proteins in tissues. These inhibitors can 

reduce PCR efficiency and lead to false negative 

results (64). To address these issues, protocols for 

DNA extraction must be optimized to ensure the 

purity and concentration of fungal DNA, free from 

inhibitors. Commercially available DNA extraction 

kits specifically designed for fungal pathogens, as 

well as additional purification steps like ethanol 

precipitation or silica column-based clean-ups, are 

commonly used to overcome these challenges. 

Additionally, real-time PCR techniques can include 

internal amplification controls to monitor for PCR 

inhibition and validate the results of each assay 

(65). 

Contamination Control and PCR Inhibition 

Cross-contamination is a well-known risk in 

molecular laboratories, especially in high-

sensitivity assays like PCR. Given that Candida 

species are common environmental contaminants 

and can colonize laboratory spaces, rigorous 

contamination control practices are crucial. Use of 

aerosol-resistant pipette tips, frequent 

decontamination of workspaces with DNA-

degrading agents, and inclusion of "no template" 

controls can reduce contamination risks (66). PCR 

inhibition is another technical challenge that can 

arise from the presence of substances that 

interfere with DNA polymerase activity. Common 

inhibitors in clinical samples include haemoglobin, 

bile salts, and other organic compounds. To 

address PCR inhibition, it is essential to use 

extraction protocols that minimize these 

contaminants. Additionally, incorporating PCR 

enhancers, such as bovine serum albumin (BSA), 

into the reaction mixture can help overcome 

inhibition, improving the reliability of results (67). 

Practical Considerations for Clinical 

Laboratories 

For PCR-based assays to be adopted in clinical 

laboratories, it is vital to ensure their practicality 

in routine diagnostics. This includes standardizing 

protocols for sample processing, DNA extraction, 
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and amplification to ensure consistency and 

reproducibility. The use of real-time PCR assays 

with automated systems can also streamline 

workflow, reducing the manual handling of 

samples and decreasing the risk of human error. 

Finally, proper training of laboratory personnel in 

handling molecular techniques and contamination 

prevention is essential to maintain the reliability of 

PCR assays for Candida species identification. 

Application of Molecular Methods in 

Epidemiological Studies 

Molecular methods have proven to be valuable 

tools in epidemiological studies focused on 

understanding the transmission, spread, and 

genetic diversity of Candida species. The 

application of these methods provides important 

insights into the dynamics of Candida infections 

and aids in the development of effective control 

strategies. 

Strain Typing and Genotyping 

Molecular methods such as multilocus sequence 

typing (MLST), amplified fragment length 

polymorphism (AFLP), and pulsed-field gel 

electrophoresis (PFGE) enable the 

characterization and comparison of Candida 

strains at a genetic level. These techniques allow 

for the identification of clonal clusters, genetic 

relatedness, and the tracking of specific strains 

within and between healthcare facilities (68, 69). 

Understanding Antifungal Resistance 

Mechanisms 

Molecular methods are instrumental in studying 

the genetic mechanisms underlying antifungal 

resistance in Candida species. By detecting and 

characterizing resistance-associated genes or 

mutations, these methods provide valuable 

insights into the emergence and spread of 

resistance (15, 23, 70). This knowledge is essential 

for monitoring trends in resistance and optimizing 

antifungal treatment strategies. 

Population Structure and Evolutionary 

Analysis 

Molecular methods allow for the study of Candida 

population structure and evolutionary 

relationships. By analysing the genetic diversity 

and phylogenetic relationships among Candida 

isolates, researchers can gain insights into the 

global distribution, transmission patterns, and 

evolutionary history of Candida species (28, 71). 

This information is crucial for understanding the 

epidemiology of Candida infections and designing 

targeted control measures. 

Prominent Candida Species Involved in 

Infections 

Several Candida species have been identified as 

significant pathogens in various clinical infections. 

Understanding the prevalence and clinical 

significance of these species is essential for 

accurate diagnosis and effective management of 

Candida infections. Among the prominent Candida 

species involved in infections, Candida albicans 

remains the most common and clinically relevant 

species (72). It accounts for a significant 

proportion of both superficial and invasive 

Candida infections, including candidemia, oral 

thrush, and vaginal candidiasis. Candida tropicalis 

is another important species associated with 

invasive candidiasis, particularly in immune-

compromised patients (72). It has been found to 

exhibit intrinsic resistance to certain antifungal 

drugs, highlighting the need for accurate 

identification and appropriate treatment selection. 

Candida glabrata has emerged as a significant 

pathogen, especially in nosocomial infections and 

among immune-compromised individuals (16). It 

is known for its ability to develop resistance to 

commonly used antifungal agents, posing 

challenges in treatment. Candida krusei, although 

less prevalent than other species, is noteworthy 

due to its inherent resistance to fluconazole, a 

commonly prescribed antifungal drug (73). This 

species is often associated with infections in 

patients with prior exposure to antifungal agents. 

Candida parapsilosis, consisting of three distinct 

subgroups (Candida parapsilosis, Candida 

orthopsilosis, and Candida metapsilosis), is 

increasingly recognized as a cause of healthcare-

associated infections, particularly in neonates and 

patients with indwelling medical devices (74). 

Clinical Relevance and Role of Candida Species 

in Various Types of Infections 

Candida species play a significant role in a wide 

range of infections, ranging from superficial to 

invasive and systemic infections. Understanding 

their clinical relevance in different types of 

infections is crucial for appropriate diagnosis and 

management. Here is an overview of their roles in 

various infections: 

Superficial Candida Infections 

Candida species, particularly Candida albicans, are 

frequently associated with superficial infections 
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such as oral thrush (oral cavity), vulvovaginal 

candidiasis (vaginal mucosa), and diaper 

dermatitis (skin). These infections primarily affect 

mucosal surfaces and are commonly observed in 

otherwise healthy individuals (75). 

Invasive Candidiasis 

Candida species, including Candida albicans, 

Candida tropicalis, Candida glabrata, and Candida 

parapsilosis, can cause invasive candidiasis, which 

involves the invasion of deeper tissues and organs. 

This includes candidemia (bloodstream infection), 

disseminated candidiasis, and deep-seated organ 

infections (1, 76). Invasive candidiasis typically 

occurs in immune-compromised individuals, such 

as those with compromised immune systems, 

critically ill patients, or those undergoing invasive 

medical procedures. 

Candida-Associated Urinary Tract Infections 

(UTIs) 

Candida species can also colonize and infect the 

urinary tract, leading to UTIs. Candida albicans is 

the most common species associated with urinary 

tract infections, although other species like 

Candida glabrata and Candida tropicalis can also be 

involved. Candida UTIs are more prevalent in 

patients with indwelling urinary catheters or 

underlying urinary tract abnormalities. 

Gastrointestinal Candidiasis 

Candida species, especially Candida albicans, can 

cause infections in the gastrointestinal tract, 

leading to conditions such as esophagitis, gastritis, 

and enteritis. Gastrointestinal candidiasis is 

commonly observed in individuals with weakened 

immune systems, such as HIV/AIDS patients or 

those undergoing chemotherapy. 

Candida-Associated Skin and Nail Infections 

Candida species can cause infections of the skin 

and nails, including cutaneous candidiasis and 

onychomycosis. These infections commonly occur 

in warm and moist areas of the body, such as skin 

folds or between the toes, and are frequently 

associated with factors like excessive moisture, 

poor hygiene, or compromised skin integrity. 

Therapeutic Importance of Distinguishing 

Various Candida Species 

The accurate identification of Candida species is a 

cornerstone of effective treatment, especially in 

the face of increasingly resistant strains. The 

diverse antifungal susceptibilities of Candida 

species, particularly between Candida albicans and 

the non-albicans Candida species, can significantly 

impact treatment outcomes. When Candida 

albicans is properly identified, treatment is 

relatively straightforward because it typically 

responds well to fluconazole, a commonly used 

antifungal. However, non-albicans Candida species 

like Candida glabrata and Candida krusei 

complicate things. Candida glabrata is known for 

its reduced susceptibility to azoles, including 

fluconazole, and it can develop resistance rapidly, 

making it crucial to use more potent antifungals, 

such as echinocandins or amphotericin B, right 

from the start (77). Candida krusei, on the other 

hand, is intrinsically resistant to fluconazole, so 

relying on traditional treatment approaches 

without accurate species identification can lead to 

treatment failure, which can be devastating in 

cases of invasive candidiasis (78). The emergence 

of Candida auris has taken these challenges to 

another level. This species, resistant to multiple 

antifungal classes, has caused outbreaks 

worldwide, especially in hospital settings where it 

survives well on surfaces and spreads between 

patients. The fact that C. auris is resistant to azoles, 

echinocandins, and polyenes makes it a nightmare 

in terms of treatment options, often requiring 

combination therapies and aggressive infection 

control measures (79). Traditional biochemical 

methods, while useful, have their limits. They often 

struggle with closely related species and cryptic 

ones, which can be harder to detect but still 

responsible for recurring or persistent infections. 

For instance, species like Candida dubliniensis and 

Candida parapsilosis may be missed or 

misidentified using older methods, leading to 

inappropriate treatments that don’t target the 

actual pathogen (80). Molecular techniques, such 

as PCR and DNA sequencing, offer much more 

precision. These methods can accurately 

differentiate between species that share similar 

biochemical characteristics but have very different 

antifungal susceptibility profiles. This higher level 

of specificity is essential not just for acute 

treatment but also for managing recurrent 

infections, where the persistence of a resistant or 

less common species might otherwise go 

undetected.  

Future Directions and Potential Advancements 

in Molecular Methods for Candida species 

Identification and Characterization 

Molecular methods have revolutionized the field of 

Candida species identification and 
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characterization, providing rapid, accurate, and 

sensitive techniques. As technology continues to 

advance, there are several exciting future 

directions and potential advancements in 

molecular methods for Candida species 

identification. 

Next-Generation Sequencing (NGS) 

NGS technologies, such as whole-genome 

sequencing (WGS), hold great promise for Candida 

species identification and characterization. WGS 

allows for comprehensive genomic analysis, 

including the identification of genetic variations, 

virulence factors, and antifungal resistance genes, 

providing a deeper understanding of Candida 

species' pathogenicity and epidemiology (69). 

Metagenomics 

Metagenomic approaches enable the analysis of 

microbial communities in various environments, 

including human microbiota. Applying 

metagenomic sequencing to clinical samples can 

provide valuable insights into the composition and 

dynamics of Candida species populations, helping 

understand their role in health and disease (70). 

Point-of-Care Testing (POCT) 

Development of rapid and portable molecular 

diagnostic devices for Candida species 

identification holds significant potential for point-

of-care testing. These devices could enable timely 

and accurate diagnosis in resource-limited 

settings, facilitating prompt initiation of 

appropriate antifungal therapy (41). 

Multi-Omics Integration 

Integrating multiple omics approaches, including 

genomics, transcriptomics, proteomics, and 

metabolomics, can provide a comprehensive 

understanding of Candida species biology and 

pathogenesis. This multi-omics approach can 

reveal novel biomarkers, therapeutic targets, and 

mechanisms of antifungal resistance (81, 82). 

Bioinformatics and Data Analysis 

Advances in bioinformatics tools and data analysis 

methods are crucial for handling the vast amounts 

of genomic and clinical data generated by 

molecular methods. Developing robust and user-

friendly bioinformatics pipelines will enhance data 

interpretation, facilitate comparative genomics, 

and improve our understanding of Candida species 

biology and evolution (83). These advancements 

hold the potential to revolutionize the field of 

Candida species identification and 

characterization, leading to improved diagnostics, 

personalized treatment strategies, and better 

management of Candida infections. 
 

Discussion 
The diagnosis and identification of Candida species 

(CS) have indeed come a long way, especially with 

the evolution of molecular techniques. Traditional 

methods, like phenotypic assays and culture-based 

techniques, have served as the backbone of fungal 

diagnostics for a long time. However, as the review 

points out, these methods are fraught with 

challenges—particularly in terms of time and 

accuracy. Waiting days or even weeks for cultures 

to grow just doesn’t fit the urgency required in 

clinical settings, especially when dealing with 

invasive candidiasis, where quick, targeted 

intervention is critical. The shift towards 

molecular techniques—such as PCR, DNA 

sequencing, and MALDI-TOF MS—has been a 

game-changer. These tools leverage the genetic 

and proteomic signatures unique to each Candida 

species, providing a level of precision that 

traditional methods struggle to match. For 

example, PCR-based tests allow clinicians to zero 

in on specific gene regions tied to certain Candida 

species, offering a more nuanced understanding of 

the infection at hand. DNA sequencing takes these 

even further, unravelling genetic variations 

between species. Meanwhile, MALDI-TOF MS is 

another fascinating option. It bypasses lengthy 

culture times by directly analysing proteins in a 

sample, making it a much faster route to species 

identification. One major benefit of these 

molecular approaches is speed. Instead of waiting 

for cultures to grow, these tests can often provide 

results within hours, allowing healthcare 

providers to jumpstart appropriate treatments far 

sooner. This can be life-saving in critical care 

scenarios, where delays in diagnosis can lead to 

worse patient outcomes. It’s also vital in 

distinguishing between closely related species, like 

Candida albicans and Candida dubliniensis. These 

two may look nearly identical under traditional 

methods, but molecular techniques can reveal 

their differences, which is crucial because they 

may respond to antifungal treatments differently 

or carry varying pathogenic risks. Moreover, these 

techniques aren’t just limited to diagnosing and 

treating individual cases. In a broader context, they 

are invaluable for epidemiological research and 

infection control. By identifying the specific strains 

causing outbreaks in hospitals or clinics, 
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healthcare teams can better track the spread of 

infections and implement containment measures 

more effectively. This is especially important with 

the rise of antifungal resistance, particularly 

concerning multidrug-resistant species like 

Candida auris. Being able to detect resistance 

patterns early can guide treatment decisions and 

help avoid the use of ineffective therapies. That 

said, molecular techniques do come with their own 

set of challenges. The cost and complexity of 

implementing these methods—particularly in 

resource-limited areas—can be a major barrier. 

They require specialized equipment and trained 

personnel, which may not always be available. 

Additionally, there’s still a need for traditional 

culture methods in certain situations, particularly 

when antifungal susceptibility testing is needed. 

So, while molecular techniques are a fantastic leap 

forward, they don’t fully replace older methods 

yet. Instead, integrating both old and new 

approaches into a comprehensive diagnostic 

workflow is often the best path forward. 

Conclusion 
In summary, the shift from traditional to molecular 

techniques represents a major breakthrough in the 

identification and characterization of Candida 

species. Molecular methods, such as PCR, DNA 

sequencing, and MALDI-TOF MS, provide 

substantial benefits in terms of speed, accuracy, 

and specificity over phenotypic assays and culture-

based methods. These advanced molecular tools 

not only improve the precision of diagnosing and 

treating fungal infections but also play a critical 

role in monitoring epidemiology and antifungal 

resistance. With the increasing incidence of 

Candida infections, particularly among immune-

compromised patients, the refinement and 

development of these techniques are essential. 

Future research should aim to enhance the 

sensitivity and specificity of these molecular 

methods, broaden their availability in diverse 

healthcare environments globally, and incorporate 

emerging technological innovations to stay ahead 

in combating fungal pathogens. The continued 

advancement of molecular methodologies will 

significantly strengthen our ability to manage 

Candida-related diseases, leading to improved 

patient outcomes and more effective control of 

these infections. 
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