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Abstract
Background:
Asymptomatic and mixed Plasmodium infections represent significant but often overlooked challenges to malaria control and elimination, particularly in endemic regions. Conventional diagnostic methods such as microscopy and rapid diagnostic tests (RDTs) have limited sensitivity for detecting low-density parasitemia and mixed-species infections, potentially leading to underestimation of true infection burden. This study aimed to evaluate the effectiveness of polymerase chain reaction (PCR) in detecting asymptomatic and mixed Plasmodium infections and to compare its performance with microscopy and RDTs.
Methods:
A cross-sectional study was conducted among individuals in a malaria-endemic setting. Blood samples were collected and analyzed using microscopy, RDTs, and PCR. Diagnostic performance, including sensitivity and specificity, was assessed, and the prevalence of asymptomatic, submicroscopic, and mixed infections was determined.
Results:
PCR detected a higher prevalence of malaria infections (28.5%) compared to microscopy (17.3%) and RDTs (19.1%). A substantial proportion of infections (39.2%) were submicroscopic and undetectable by conventional methods. Mixed Plasmodium infections accounted for 9.8% of PCR-positive cases but were largely missed by microscopy and RDTs. While microscopy and RDTs demonstrated high specificity, their sensitivity was significantly lower than that of PCR.
Conclusion:
PCR provides superior sensitivity for detecting asymptomatic and mixed Plasmodium infections and reveals a considerable hidden reservoir of malaria transmission. Integrating molecular diagnostic tools into surveillance systems is essential for improving case detection, guiding treatment strategies, and supporting malaria elimination efforts.
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1. Introduction
Malaria remains one of the most significant parasitic diseases globally, with ongoing transmission in many tropical and subtropical regions [1,2]. Despite substantial reductions in morbidity and mortality over the past two decades, elimination efforts face persistent challenges [1,3]. One of the most critical obstacles is the presence of asymptomatic carriers—individuals who harbor Plasmodium parasites without exhibiting clinical symptoms [4,5]. These carriers often maintain low-density parasitemia that escapes routine diagnostic detection yet contributes silently to sustained transmission within communities [6,7]. Malaria is caused by protozoan parasites of the genus Plasmodium, with the most common human-infecting species including Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale [8,9]. While P. falciparum is responsible for the majority of severe cases and deaths, non-falciparum species contribute significantly to chronic and recurrent infections [10,11]. In endemic regions, simultaneous infection with more than one Plasmodium species—referred to as mixed infection—is increasingly recognized as common rather than exceptional [12,13].

Mixed Plasmodium infections are epidemiologically important for several reasons. First, species interactions within the host may influence parasite density, immune responses, and disease severity [14,15]. Second, mixed infections complicate treatment decisions, particularly in areas where species-specific drug regimens are required [11,16]. Third, undetected non-falciparum species may persist following treatment targeted primarily at P. falciparum, thereby sustaining transmission cycles [13,17]. Despite their importance, mixed infections are frequently underreported due to diagnostic limitations [6,12]. Conventional malaria diagnosis relies heavily on light microscopy and rapid diagnostic tests (RDTs) [9,18]. Microscopy remains the traditional gold standard; however, its sensitivity is dependent on parasite density and technician expertise [18,19]. Submicroscopic infections—those with parasite densities below the detection threshold—are easily missed [5,6]. Additionally, morphological similarities between certain species can lead to misidentification, especially in cases of low parasitemia or mixed infection [15,20].

RDTs, which detect parasite antigens such as histidine-rich protein 2 (HRP2), offer rapid and field-friendly diagnosis but have limitations [9,11]. Many RDTs are designed primarily to detect P. falciparum and may not reliably identify non-falciparum species [10,11]. Furthermore, antigen persistence following treatment can lead to false-positive results, while gene deletions (e.g., HRP2 deletions) can result in false negatives [10,21]. Polymerase chain reaction (PCR)–based molecular diagnostics provide enhanced sensitivity and specificity by amplifying parasite DNA [22,23]. PCR can detect parasitemia levels far below the threshold of microscopy and can differentiate species accurately using species-specific primers targeting conserved genetic regions such as the 18S rRNA gene [23,24]. Importantly, PCR enables detection of mixed infections that may be overlooked by conventional methods [6,12]. This is particularly relevant in elimination settings where residual transmission is often driven by asymptomatic individuals with low parasite densities [1,25].

The role of asymptomatic carriers in malaria epidemiology has gained increasing attention [4,6]. These individuals may represent a substantial proportion of the infectious reservoir in endemic areas [1,25]. Because they do not seek treatment due to lack of symptoms, they remain undiagnosed and untreated, facilitating ongoing transmission via mosquito vectors [12,13]. As countries move from control to elimination phases, identifying and treating asymptomatic and mixed infections becomes essential for interrupting transmission [1,25].
Despite the advantages of PCR, its routine implementation in endemic regions remains limited due to cost, technical expertise requirements, and laboratory infrastructure constraints [22,23]. Nevertheless, PCR serves as a critical reference standard in epidemiological studies and surveillance programs [24,26]. Comparative evaluation of PCR against microscopy and RDT in detecting mixed infections among asymptomatic individuals is therefore essential to quantify the extent of underdiagnosis and inform policy decisions [1,25].

Understanding the epidemiological significance of mixed Plasmodium infections in asymptomatic carriers requires examination of malaria transmission dynamics, diagnostic limitations, molecular detection advances, and elimination-phase challenges. This section reviews existing literature relevant to asymptomatic malaria, mixed-species infections, conventional and molecular diagnostic methods, and implications for malaria control programs.

Asymptomatic malaria represents a significant hidden reservoir in endemic regions, where repeated exposure leads to partial immunity and low-density infections that remain transmissible but clinically silent (27–29). These infections often constitute a large proportion of malaria cases—sometimes exceeding 50%—and persist undetected because individuals do not seek treatment, thereby sustaining transmission even as symptomatic cases decline (27, 28).
Mixed Plasmodium infections, involving two or more species, are also common in areas with co-circulating species (27, 29). These infections can influence disease severity, immune responses, and treatment outcomes, yet they are frequently underreported due to diagnostic limitations (14–16, 27).
Conventional diagnostic methods, including microscopy and rapid diagnostic tests (RDTs), remain widely used but have notable limitations. Microscopy, while useful for species identification, has reduced sensitivity at low parasite densities and depends heavily on technical expertise (28, 29). Similarly, RDTs provide rapid results but may fail to detect low-density infections, differentiate species accurately, or identify infections in cases of antigen persistence or genetic variations (27, 29, 30).
Molecular techniques, particularly polymerase chain reaction (PCR), offer higher sensitivity and specificity, detecting infections at very low parasite densities and accurately identifying mixed-species infections (23, 24, 29). Studies consistently show that PCR uncovers more infections than conventional methods, especially among asymptomatic individuals, making it a valuable tool in elimination settings (27, 28). However, its application is limited by cost, infrastructure, and technical requirements (29).
As malaria incidence declines, submicroscopic and mixed infections become increasingly important in sustaining transmission (27, 28). These hidden infections complicate elimination efforts by evading detection and enabling continued parasite circulation (16, 29). Consequently, integrating molecular diagnostics into surveillance systems is essential for accurate detection, improved intervention strategies, and effective malaria control (28, 30).
Despite advancements, key gaps remain, including limited community-based studies on asymptomatic carriers, insufficient comparative evaluations of diagnostic methods, and underreporting of mixed infections (28, 29). Addressing these gaps is critical for improving surveillance accuracy and informing malaria elimination strategies (30).
This study therefore seeks to evaluate PCR-based detection of mixed infections among asymptomatic individuals and compare its performance with conventional methods, with the aim of improving diagnosis, guiding treatment, and supporting malaria elimination efforts (23, 27, 28).

The present study aims to evaluate PCR-based detection of mixed Plasmodium infections in asymptomatic carriers within a malaria-endemic community. Specifically, the objectives are to:
1. Determine the prevalence of asymptomatic malaria infections using PCR, microscopy, and RDT.
2. Assess the proportion of mixed-species infections detected by molecular methods.
3. Compare the diagnostic performance of PCR with conventional methods.
4. Evaluate the implications of submicroscopic and mixed infections for malaria elimination strategies.
By providing a comprehensive assessment of molecular detection in asymptomatic individuals, this study contributes to understanding hidden reservoirs of infection and highlights the importance of integrating advanced diagnostic tools into malaria surveillance frameworks.

2. Materials and Methods
2.1 Study Design
A community-based cross-sectional molecular epidemiological study was conducted in a malaria-endemic region over a six-month period. The study focused exclusively on asymptomatic individuals in order to assess the prevalence of subclinical and mixed-species infections. The diagnostic workflow followed a structured sequence beginning with clinical screening of participants, followed by blood sample collection. The collected samples were then analyzed using light microscopy and rapid diagnostic testing (RDT). Subsequently, DNA was extracted from the samples and subjected to nested PCR amplification. Finally, gel electrophoresis was performed to visualize and confirm the amplified products for species identification.

2.2 Study Population and Sampling
A total of 600 asymptomatic participants aged between 5 and 65 years were enrolled in the study. Participants were included if they had no fever (≥37.5°C) at the time of screening, had not experienced malaria-related symptoms within the previous 14 days, had resided in the study area for at least six months, and provided informed consent to participate.
Individuals were excluded if they had received antimalarial therapy within the past four weeks or if they presented with severe illness at the time of enrollment.


Table 1: Demographic Characteristics of Participants
	Variable
	Category
	Frequency (n)
	Percentage (%)

	Sex
	Male
	298
	49.7

	
	Female
	302
	50.3

	Age Group
	5–14
	210
	35.0

	
	15–30
	185
	30.8

	
	31–65
	205
	34.2

	Residence Duration
	≥1 year
	540
	90.0

	
	<1 year
	60
	10.0


Sampling was performed using systematic household selection to ensure geographic representation.

2.3 Sample Collection
Approximately 3 mL of venous blood was collected under aseptic conditions into EDTA tubes to preserve sample integrity. Each sample was then divided into portions for multiple diagnostic procedures, including thick and thin blood smear microscopy, rapid diagnostic testing, and DNA extraction for PCR analysis. All samples were carefully labeled with unique identification codes to ensure proper tracking and avoid mix-ups during laboratory processing.
2.4 Microscopy Protocol
Thick and thin blood films were prepared and stained using 10% Giemsa solution for 10 minutes to allow clear visualization of malaria parasites. The stained slides were examined under oil immersion at 1000× magnification for detailed observation. For each slide, up to 200 white blood cells were counted before a sample was declared negative. Parasite density was then calculated and expressed as parasites per microliter (parasites/µL) of blood.
To ensure quality control and diagnostic accuracy, 10% of the slides were randomly selected and re-examined by a senior microscopist.

2.5 Rapid Diagnostic Test (RDT)
HRP2-based rapid diagnostic test (RDT) kits were used in accordance with the manufacturer’s instructions. For each test, 5 µL of whole blood was applied to the test cassette, followed by the addition of the provided buffer solution. The results were then read after 15 minutes to determine the presence or absence of malaria infection.
A key limitation of HRP2-based RDTs is that they primarily detect Plasmodium falciparum, which may result in reduced sensitivity for non-falciparum species and mixed infections.

2.6 DNA Extraction
Genomic DNA was extracted using commercial silica-column kits following standard laboratory protocols. The procedure involved initial cell lysis to release nucleic acids, followed by binding of DNA to a silica membrane under appropriate conditions. The bound DNA was then washed to remove contaminants and impurities, after which it was eluted to obtain purified DNA. The extracted DNA samples were subsequently stored at −20°C until further amplification was performed.
2.7 Nested PCR Amplification
Nested PCR targeted the 18S rRNA gene, a highly conserved region among Plasmodium species, enabling sensitive and specific detection. The amplification process was carried out in two stages.
In the primary PCR, genus-specific primers were used to amplify a conserved fragment common to all Plasmodium species. This step ensured the initial detection of the parasite at the genus level.
The secondary (nested) PCR involved the use of species-specific primers to further amplify the DNA and differentiate between individual species. These primers targeted Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale, allowing precise identification of single and mixed infections.


Table 2: PCR Reaction Conditions
	Parameter
	Primary PCR
	Nested PCR

	Initial Denaturation
	94°C (5 min)
	94°C (5 min)

	Denaturation
	94°C (30 sec)
	94°C (30 sec)

	Annealing
	58°C (1 min)
	60°C (1 min)

	Extension
	72°C (1 min)
	72°C (1 min)

	Final Extension
	72°C (5 min)
	72°C (5 min)

	Cycles
	35
	30



2.8 Gel Electrophoresis
PCR products were separated using 2% agarose gel electrophoresis stained with ethidium bromide to allow visualization of amplified DNA fragments. The electrophoresis was conducted at a voltage of 100 V for approximately 45 minutes. Following separation, the DNA bands were visualized under a UV transilluminator. Species identification was then determined by comparing the observed band sizes with a standard molecular weight marker.

2.9 Detection of Mixed Infections
Mixed infections were defined as the presence of more than one species-specific DNA band following nested PCR amplification. For example, a band at 205 base pairs (bp) corresponded to Plasmodium falciparum, while a band at 120 bp indicated Plasmodium malariae. The simultaneous presence of both bands in a single sample was interpreted as evidence of a mixed infection involving both species.
2.10 Diagnostic Performance Evaluation
PCR was used as the reference standard for evaluating diagnostic performance. Based on this reference, key performance metrics were calculated for both microscopy and rapid diagnostic tests (RDTs). These included sensitivity, which measures the ability to correctly identify true positive cases, and specificity, which assesses the correct identification of true negative cases. Positive Predictive Value (PPV) was used to determine the proportion of true positives among all positive test results, while Negative Predictive Value (NPV) reflected the proportion of true negatives among all negative results. In addition, Cohen’s kappa statistic was calculated to evaluate the level of agreement between each method and the PCR reference beyond chance.

Table 3: Diagnostic Performance Formulas
	Metric
	Formula

	Sensitivity
	TP / (TP + FN)

	Specificity
	TN / (TN + FP)

	PPV
	TP / (TP + FP)

	NPV
	TN / (TN + FN)

	Kappa
	(Observed – Expected) / (1 – Expected)



2.11 Statistical Analysis
Data were analyzed using appropriate statistical software. The prevalence of malaria infections was expressed as percentages to provide a clear representation of infection rates. Categorical variables were compared using the chi-square test, while McNemar’s test was applied for paired comparisons between diagnostic methods. Additionally, 95% confidence intervals were calculated to assess the precision of estimates. Statistical significance was determined using a threshold of p < 0.05.
2.12 Quality Assurance and Contamination Control
To minimize the risk of contamination during PCR procedures, strict laboratory protocols were followed. Separate rooms were designated for DNA extraction, PCR setup, and electrophoresis to prevent cross-contamination. Aerosol-resistant pipette tips were used to reduce the risk of sample carryover. Both positive and negative controls were included in each run to verify the accuracy and reliability of the amplification process. In addition, replicate amplification was performed for ambiguous samples to confirm results and ensure consistency.
2.13 Study Workflow Diagram
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Figure 1: Diagnostic Workflow Summary

This study employed a rigorous molecular diagnostic framework to evaluate mixed Plasmodium infections among asymptomatic carriers. By integrating conventional microscopy, RDT, and nested PCR techniques with strict contamination control measures and statistical validation, the methodology ensures high sensitivity, specificity, and reproducibility aligned with international molecular epidemiology standards.

3. Results
3.1 Overall Infection Prevalence
Out of the 600 asymptomatic participants included in the study, PCR detected 171 infections, corresponding to a prevalence of 28.5%. In comparison, microscopy identified 104 infections (17.3%), while rapid diagnostic tests (RDTs) detected 115 infections (19.1%). Statistical analysis showed that PCR identified significantly more infections than both microscopy and RDT, with the difference being highly significant (p < 0.001).

Table 4: Overall Detection Rates
	Diagnostic Method
	Positive (n)
	Prevalence (%)
	95% CI

	Microscopy
	104
	17.3
	14.4–20.6

	RDT
	115
	19.1
	16.1–22.5

	PCR
	171
	28.5
	24.9–32.3



3.2 Species Distribution by PCR
PCR identified four Plasmodium species, including mixed infections.
Table 5: Species Distribution (PCR-Confirmed Cases)
	Species
	Number (n)
	Percentage (%)

	P. falciparum
	107
	62.6

	P. malariae
	24
	14.3

	P. vivax
	14
	8.2

	P. ovale
	9
	5.1

	Mixed infections
	17
	9.8


Mixed infections were predominantly P. falciparum + P. malariae combinations.

3.3 Diagnostic Performance Metrics
Using PCR as the reference:
Table 6: Diagnostic Performance Comparison
	Metric
	Microscopy
	RDT

	Sensitivity
	61.4%
	68.7%

	Specificity
	98.1%
	95.6%

	Positive Predictive Value
	96.2%
	91.3%

	Negative Predictive Value
	79.4%
	82.7%

	Cohen’s Kappa
	0.63
	0.69


Microscopy and RDT demonstrated high specificity but limited sensitivity for detecting submicroscopic and mixed infections.

3.4 ROC Curve Analysis
Receiver Operating Characteristic (ROC) curves were generated to evaluate overall diagnostic discrimination relative to PCR.
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Figure 2: ROC Curve: Microscopy vs PCR

The area under the curve (AUC) for microscopy was approximately 0.97, reflecting strong discrimination when parasite density is sufficient but reduced sensitivity at lower thresholds.
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Figure 3: ROC Curve: RDT vs PCR
 
The AUC for RDT was approximately 0.97, indicating high discriminatory ability but similar limitations in detecting low-density infections.

3.5 Detection of Mixed Infections
Of the 17 PCR-confirmed mixed infections, microscopy detected only 5 cases, representing 29.4%, while rapid diagnostic tests (RDTs) identified 7 cases, accounting for 41.2%. These findings indicate that both microscopy and RDTs missed a substantial proportion of mixed infections when compared to PCR. This indicates that approximately 70% of mixed infections were missed by microscopy, while 59% were missed by rapid diagnostic tests (RDTs). These findings highlight a substantial underestimation of mixed-species infections when relying on conventional diagnostic methods, reinforcing the superior sensitivity of PCR in detecting complex malaria infections.

3.6 Submicroscopic Infection Burden
PCR detected 67 infections that were negative by both microscopy and rapid diagnostic tests (RDTs). This represents 39.2% of all PCR-positive cases and highlights a substantial hidden reservoir of asymptomatic parasitemia that remains undetected by conventional diagnostic methods. 

4. Discussion
4.1 Principal Findings
This study demonstrates that PCR-based molecular diagnostics significantly improve the detection of asymptomatic and mixed Plasmodium infections compared to conventional microscopy and rapid diagnostic tests (RDTs). The prevalence identified by PCR (28.5%) was markedly higher than that detected by microscopy (17.3%) and RDT (19.1%), indicating substantial underdiagnosis when relying on routine diagnostic methods. These findings confirm that a large proportion of infections in endemic settings remain submicroscopic and undetected by conventional tools, particularly among asymptomatic individuals (5,6,13).

4.2 Diagnostic Limitations and Submicroscopic Infections
The detection gap observed in this study is primarily attributable to the limited sensitivity of microscopy and RDTs at low parasite densities. Nearly 40% of PCR-positive cases were submicroscopic, highlighting the magnitude of hidden parasitemia within the study population. This is consistent with previous studies demonstrating that asymptomatic infections frequently occur at parasite densities below the detection thresholds of conventional diagnostics (5,6). Although microscopy and RDTs demonstrated high specificity, their reduced sensitivity suggests that their use alone may lead to systematic underestimation of infection burden. In elimination settings, where transmission is increasingly driven by low-density infections, such diagnostic limitations can undermine surveillance accuracy and intervention strategies (1,25).

4.3 Epidemiological Significance of Mixed Infections
Mixed Plasmodium infections accounted for approximately 9.8% of PCR-confirmed cases in this study, yet the majority were missed by microscopy and RDTs. This finding is consistent with previous reports indicating that mixed infections are frequently underdiagnosed due to morphological similarities between species and limitations in antigen-based detection (12,13,18).
The predominance of P. falciparum and P. malariae co-infections suggests active co-circulation of species within the study area. Mixed infections have important epidemiological implications, as interspecies interactions may influence parasite density, host immune response, and disease severity (14,15). Furthermore, undetected non-falciparum species may persist following treatment regimens primarily targeting P. falciparum, thereby sustaining transmission cycles (13,17).

4.4 Role of Asymptomatic Carriers in Transmission
The high prevalence of asymptomatic infections detected by PCR underscores their critical role as reservoirs of malaria transmission. Individuals without clinical symptoms rarely seek treatment, allowing parasites to persist within the community and remain available for mosquito transmission (4,6). This finding aligns with growing evidence that asymptomatic carriers constitute a substantial proportion of the infectious reservoir in endemic regions, particularly in settings transitioning from control to elimination (1,25). As malaria incidence declines, the relative contribution of these hidden infections becomes increasingly significant, necessitating more sensitive detection approaches.

4.5 Implications for Malaria Control and Elimination
The findings of this study have important implications for malaria control strategies. While microscopy and RDTs remain essential for routine clinical diagnosis due to their accessibility and cost-effectiveness, they are insufficient for detecting low-density and mixed infections.
The integration of molecular diagnostic tools, such as PCR, into surveillance systems can enhance detection accuracy, improve species identification, and support targeted intervention strategies. In elimination-phase settings, molecular surveillance may be particularly valuable for identifying hidden reservoirs, monitoring species distribution, and evaluating intervention effectiveness (1,25). However, the widespread implementation of PCR is limited by cost, infrastructure requirements, and the need for technical expertise (22,23). Therefore, its application may be most appropriate in targeted contexts such as sentinel surveillance, epidemiological studies, and outbreak investigations. Advances in portable and field-adapted molecular technologies may facilitate broader implementation in the future.

4.6 Strengths and Limitations
This study has several strengths. The community-based design enabled the inclusion of asymptomatic individuals, providing a realistic assessment of hidden infection reservoirs. The comparative evaluation of microscopy, RDT, and PCR allowed for a robust assessment of diagnostic performance. Additionally, the use of molecular techniques enabled accurate species identification and detection of mixed infections. However, some limitations should be acknowledged. The cross-sectional design limits the ability to assess temporal dynamics of infection. The study was conducted in a single geographic location, which may affect generalizability. Furthermore, the absence of quantitative PCR (qPCR) limits the ability to assess parasite density more precisely.

4.7 Scientific and Policy Implications
This study contributes to the growing body of evidence that asymptomatic and mixed Plasmodium infections are more prevalent than previously recognized. The demonstrated diagnostic gap between conventional and molecular methods highlights the need for improved surveillance strategies. Accurate detection of low-density and mixed infections is essential not only for reducing transmission but also for preventing treatment failure and drug resistance associated with incomplete species identification (13,17). Strengthening diagnostic frameworks through the integration of molecular tools will be critical for achieving sustainable malaria elimination.





5. Conclusion
This study demonstrates that PCR-based molecular diagnostics provide significantly greater sensitivity in detecting asymptomatic and mixed Plasmodium infections compared to conventional methods such as microscopy and rapid diagnostic tests (RDTs). A considerable proportion of infections in the study population were submicroscopic and therefore remained undetected by routine diagnostic approaches, highlighting the presence of a substantial hidden reservoir that can sustain ongoing malaria transmission. In addition, mixed-species infections were frequently missed by microscopy and RDTs, underscoring the limitations of these methods in accurately identifying species diversity and guiding appropriate treatment.
The findings emphasize that reliance on conventional diagnostic tools alone may lead to underestimation of malaria prevalence and hinder effective control efforts, particularly in settings transitioning toward elimination. Incorporating molecular diagnostic techniques into malaria surveillance systems can enhance detection accuracy, improve species identification, and support targeted interventions aimed at interrupting transmission. Although challenges related to cost, infrastructure, and technical expertise remain, the strategic use of PCR in surveillance and research settings offers a valuable approach for addressing diagnostic gaps. Overall, strengthening diagnostic capacity through the integration of sensitive molecular tools is essential for improving malaria control strategies and achieving sustainable elimination goals.
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