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Development of a recombinase-aided amplification assay for
rapid and sensitive detection of Prneumocystis jirovecii
infection: A single-center molecular study
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Abstract. Pneumocystis jirovecii (PJ) is a major opportunistic
pathogen that causes severe pneumonia in immunocom-
promised individuals, leading to significant morbidity and
mortality. Early and accurate diagnosis is critical for effective
clinical management. However, existing diagnostic methods
have limitations such as low sensitivity, long turnaround time
and high equipment requirements. Recombinase-aided ampli-
fication (RAA) is an isothermal nucleic acid amplification
technology with advantages of rapidity, simplicity and high
sensitivity. The aim of this study was to develop and validate
an RAA assay for the rapid detection of PJ. Clinical bronchoal-
veolar lavage fluid samples were collected from 44 PJ-positive
patients confirmed by targeted next-generation sequencing
(tNGS) and extracted nucleic acid. A recombinant PJ plasmid
(pUCS57-PJ) was constructed as the standard positive template.
Specific primers and probes for PJ were designed and the
RAA reaction conditions were optimized. The analytical
performance (sensitivity, specificity) of the RAA method was
evaluated using pUCS57-PJ and clinical sample nucleic acids.
Additionally, the clinical performance of RAA was validated
by comparing with tNGS and RAA results. In conclusion,
a rapid, sensitive and specific RAA assay for PJ detection
was successfully developed. This assay exhibits excellent
analytical and clinical performance, and is suitable for rapid
diagnosis of PJ infection, particularly in resource-limited
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settings. It provides a valuable new tool for the early diagnosis
and management of PJ pneumonia.

Introduction

Pneumocystis jirovecii (PJ), an opportunistic fungal pathogen,
is a major cause of Pneumocystis pneumonia (PCP) in immu-
nocompromised individuals, such as those with HIV/AIDS,
organ transplant recipients, and patients receiving chemo-
therapy or long-term immunosuppressive therapy (1-4). PCP
is characterized by severe respiratory symptoms, and if not
diagnosed and treated promptly, it can lead to respiratory
failure and death (3). Therefore, early and accurate diagnosis
of PJ infection is crucial for improving patient outcomes.

Currently, the diagnostic methods commonly used for PJ
detection include microscopic examination of bronchoalveolar
lavage fluid (BALF) smears, PCR-based assays and targeted
next-generation sequencing (tNGS) (5-9). Microscopy and
conventional PCR are the traditional ‘gold standards’ for PJ
detection. Microscopy exhibits low sensitivity, particularly
in cases with low PJ burdens (10,11). PCR has higher sensi-
tivity than microscopy, but it requires expensive thermal
cyclers and trained personnel, and its detection process is
relatively time-consuming (12-15). tNGS has the advantage
of high-throughput detection but is costly and not widely
available in clinical settings, especially in resource-limited
areas (7,16-19), and entails a relatively long detection time (20).
Thus, there is an urgent need for a rapid, simple, sensitive and
cost-effective diagnostic method for PJ detection.

Nucleic acid detection technologies have revolution-
ized the field of clinical diagnosis, pathogen surveillance
and genetic analysis, with continuous advancements aiming
to address the limitations of traditional methods such as
microscopy and PCR-based assays (21). Among the emerging
alternatives, isothermal amplification techniques have
garnered considerable attention due to their inherent advan-
tages of simplicity, rapidity and independence from expensive
thermal cyclers, making them particularly promising for
applications in resource-limited settings (22,23). For instance,
loop-mediated isothermal amplification (LAMP) has been
extensively explored for the detection of a broad spectrum of
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targets, including Plasmodium knowlesi, severe acute respi-
ratory syndrome coronavirus (SARS-CoV)-2 and various
bacteria, fungi and sexually transmitted infection-related
pathogens (24-28). Advances in molecular diagnostics have
also promoted the application of isothermal amplification
techniques in specialized fields such as tuberculosis diagnosis,
where they serve as valuable alternatives for the detection of
Mycobacterium tuberculosis (29). Beyond pathogen detec-
tion, LAMP has also found utility in crop breeding, disease
diagnosis and genetic screening - for instance, in identifying
single-nucleotide polymorphisms and gene translocations
associated with cancer, highlighting its potential as a versatile
tool for mutation screening (25,30). Another notable isothermal
amplification technique is recombinase polymerase ampli-
fication (RPA), which has been successfully applied in the
detection of bacteria, fungi, viruses, parasites, drug-resistant
genes, genetically modified foods and SARS-CoV-2 (31-33).

Recombinase-aided amplification (RAA) is a novel
isothermal nucleic acid amplification technology that has
emerged in recent years (31,34,35). It utilizes recombinase,
single-stranded DNA-binding protein and DNA polymerase to
achieve rapid amplification of target nucleic acids at a constant
temperature (37-42°C) (36-38). RAA utilizes recombinase
sourced from bacteria or fungi, while RPA employs recom-
binase primarily derived from the T4 bacteriophage (39).
RAA has the advantages of rapid amplification (40-42)
(usually completed within 30 min), simple operation, no need
for complex thermal cycling equipment, and high sensitivity
and specificity (38). It has been successfully applied for the
detection of various pathogens, such as bacteria, viruses and
parasites (37,43-47). Its application scope further extends to
the agricultural and livestock sectors, enabling effective detec-
tion of viruses that cause infections in livestock (42,48.,49).
The RAA-amplified products can be detected by agarose gel
electrophoresis or a real-time fluorescence detection plat-
form (46,50,51). Its compatibility with point-of-care testing
(POCT) (52) scenarios is further enhanced by integration with
CRISPR-Cas technology (53), a combination that enables more
convenient and intuitive interpretation of detection results
while significantly expanding the application potential of
RAA in pathogen detection (35,54,55). However, no reports
have documented the application of RAA for PJ detection.

In the present study, specific primers and probes targeting
PJ were designed, the RAA reaction conditions were opti-
mized and the analytical performance (sensitivity, specificity,
repeatability) of the assay was evaluated. Additionally, the
clinical performance of the RAA assay was validated using
clinical BALF samples, aiming to provide a rapid and reliable
diagnostic tool for PJ infection.

Materials and methods

Ethical approval and consent. This study was approved by
the Ethics Committee of Weifang Second People's Hospital
(Weifang, China; approval no. KY2024-023-01; approval
date: March 15, 2024) and conducted in strict accordance with
the principles of the Declaration of Helsinki. Written informed
consent was obtained from all patients prior to BALF sample
collection and study inclusion; for patients unable to provide
consent due to critical illness (e.g., severe respiratory failure

requiring mechanical ventilation or altered consciousness),
consent was obtained from their legal representatives. All
participants were informed about the purpose of the study,
the procedures involved, potential risks and benefits, and their
right to withdraw at any time without affecting their clinical
care. Patient data were anonymized and de-identified prior to
analysis to ensure confidentiality.

Case definition. PJ infection was defined based on the
following composite criteria: i) Clinical manifestations consis-
tent with PCP, including progressive dyspnea, nonproductive
cough, fever and hypoxemia; ii) characteristic chest imaging
findings of diffuse bilateral ground-glass opacities, interstitial
infiltrates or cystic lesions on computed tomography (CT); and
iii) laboratory confirmation of PJ nucleic acid detection by
tNGS from BALF samples. Patients meeting all three criteria
were classified as confirmed PJ infection cases. Patients with
negative tNGS results and no clinical or radiological evidence
of PCP were classified as non-PJ controls.

Inclusion and exclusion criteria. Inclusion criteria were as
follows: i) Patients aged =18 years who underwent bronchos-
copy and BALF collection for suspected lower respiratory
tract infection at Weifang Second People's Hospital between
March 18, 2024 and December 31, 2024; ii) BALF samples
with sufficient volume (=3 ml) and quality for nucleic acid
extraction and molecular testing; iii) complete clinical,
laboratory and imaging data available for review; iv) for
PJ-positive cases, confirmation by tNGS detection of PJ
with consistent clinical and radiological findings. Exclusion
criteria were as follows: i) BALF samples with insufficient
volume (<3 ml) or visible blood contamination exceeding
50% of the sample volume; ii) patients with incomplete
medical records or missing tNGS results; iii) samples stored
for >72 h at 4°C or subjected to repeated freeze-thaw cycles
(>2 cycles) prior to testing; iv) patients receiving empirical
anti-PCP therapy (trimethoprim-sulfamethoxazole, pent-
amidine or atovaquone) for >72 h before BALF collection;
and v) concurrent diagnosis of other fungal infections (e.g.,
invasive aspergillosis, mucormycosis) that could confound
the clinical presentation. The participant selection process is
summarized in Fig. 1.

Experimental materials

Clinical sample collection. A total of 44 BALF samples posi-
tive for PJ by tNGS and 17 BALF samples negative for PJ by
tNGS were collected. All samples were processed within 2 h
of collection.

Pathogen controls. Genomic DNA of common clinically
relevant pathogens, including Acinetobacter baumannii,
Klebsiella pneumoniae, Pseudomonas aeruginosa, Proteus
mirabilis, Stenotrophomonas maltophilia, Enterobacter aero-
genes, Enterobacter cloacae, Serratia marcescens, Candida
albicans and Candida krusei, was obtained from the Clinical
Microbiology Laboratory of Weifang No. 2 People's Hospital
(Weifang, China), having been isolated from the patient's
clinical specimen during diagnostic examination.

Kits and instruments. The RA A Nucleic Acid Amplification
kit (Conventional Method; cat. no. BOOOO0OA-96; lot
no. BH70A0) and RAA Nucleic Acid Amplification kit
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Figure 1. Flow chart showing the selection process of research participants.
A total of 72 patients with suspected lower respiratory tract infection were
assessed for eligibility. Of these, 11 were excluded (4 due to insufficient
sample volume, 3 due to incomplete medical records, 2 due to prior anti-PCP
therapy >72 h and 2 due to concurrent invasive fungal infection), leaving 61
participants included for analysis (44 PJ-positive cases confirmed by tNGS
and 17 PJ-negative controls). All 61 samples were subjected to fluorescent
RAA assay and the results were compared with tNGS as the reference stan-
dard. tNGS, targeted next-generation sequencing; PJ, Pneumocystis jirovecii,
PCP, Pneumocystis pneumonia; RAA, recombinase-aided amplification.

(Fluorescent Method; cat. no. FOO001A-96; lot no. FHOKDO)
were purchased from QT Biotech Co., Ltd. Thermo
Scientific™ PCR Premix (2X) (cat. no. K0172) was purchased
from Thermo Fisher Scientific, Inc. The MGIEasy Nucleic
Acid Extraction Kit (lot no. 111942507003; cat. no. RM0766)
was purchased from BGI Genomics Co., Ltd. The Equalbit 1X
dsDNA HS Assay Kit (cat. no. EQ121-02; lot no. 7E1352F5)
was purchased from Vazyme Biotech Co., Ltd. DL1500 Ladder
(100 bp to 1,500 bp; cat. no. MDI1019) was purchased from
Simgen Biotechnology Co., Ltd. Instruments included a Qubit
4 Fluorometer (Thermo Fisher Scientific, Inc.), CFX96™
Real-Time PCR System (Bio-Rad Laboratories, Inc.), TI00™
Thermal Cycler (Bio-Rad Laboratories, Inc.) and ChemiDoc™
Imaging System (Bio-Rad Laboratories, Inc.).

Nucleic acid extraction. Nucleic acid extraction was
performed using the MGIEasy Nucleic Acid Extraction Kit,
with steps as follows: i) Reagent and sample preparation: Lysis
buffer: Antifoaming agent was added to lysis buffer; Wash
Buffer A/B: Anhydrous ethanol was added to Wash Buffer
A/B, respectively. For BALF samples: Transferred 350 ul
of BALF to a clean 1.5 ml centrifuge tube. ii) Preparation
and addition of extraction reaction mix for each sample.
iii) Magnetic bead extraction. Viscous residues were homog-
enized and the mixture was then incubated at 56°C for
10 min. Isopropanol and magnetic beads were added and after
vortexing, the mixture was left to stand at room temperature
for 10 min (invert every 3 min). Samples were centrifuged,
placed on a magnetic rack and the supernatant was discarded.
Beads were washed with Wash Buffer A/B sequentially and
then air-dried at room temperature, followed by addition of
nuclease-free water and elution of nucleic acid, which was
stored at -20°C. iv) Quality control. The DNA concentration
was measured with the Equalbit 1X dsDNA HS Assay Kit
(Vazyme Biotech Co., Ltd.) and Qubit 4 Fluorometer (Thermo
Fisher Scientific, Inc.).
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Samples were considered to meet the requirements for
subsequent library preparation if their DNA concentration, as
determined by NanoDrop DS-11, was =1 ng/ul (total amount
>10 ng), and if the A260/A280 ratio and A260/A230 ratio, as
measured by spectrophotometry (NanoDrop DS-11; Thermo
Fisher Scientific, Inc.), were 1.8-2.0 and =1.8, respectively.

Construction of recombinant plasmid standard. A 149 bp
conserved region of the PJ major surface glycoprotein gene
(GenBank ID: KP168716.1) was synthesized and cloned into
the pUC57 vector by Sangon Biotech, generating a recombinant
plasmid. The plasmid was serially diluted to concentrations
ranging from 10* to 10 copies/ul with nuclease-free water.
The number of copies/ul was calculated using the following
formula:

6.02 x 10%3x Concentration (ng/ul) x 10~°

Copies/ul =
pies/p Plasmid length (bp) x 660

Primer and probe design. The 149 bp conserved region
of the PJ major surface glycoprotein gene was selected as
the target for RAA development. Specific primers and an
exo probe for RAA were designed using Oligo 7 software
(Molecular Biology Insights, Inc.). The probe was labeled with
a FAM fluorophore at the 5' end and a BHQ-1 quencher at the
3' end, and a tetrahydrofuran spacer was included to facili-
tate cleavage by the exonuclease. All oligonucleotides were
synthesized by Sangon Biotech (Shanghai, China). Sequences
are listed in Table I.

Specificity of primers and RAA assay. To evaluate the
specificity of PJ-RAA-forward(F)/reverse (R) primers and
confirm the amplification capability of the fluorescent RAA
assay for PJ, conventional PCR was performed. Conventional
PCR used genomic DNA templates including 8§ common respi-
ratory bacteria, 2 opportunistic fungi and a PJ-positive BALF
sample. Nuclease-free water served as the negative control
(NC) for both assays.

Workflow of tNGS. tNGS was performed using the PTseq
Respiratory Pathogen Targeted High-Throughput Genetic
Detection Kit (lot no. 513392407006; cat. no. RM1261; MGI
Tech Co., Ltd.) on the MGI DNBSEQ-G99 platform according
to the manufacturer's instructions. The tNGS workflow encom-
passes sample collection, nucleic acid extraction, multiplex
targeted enrichment, library construction and bioinformatics
analysis, covering a total of 274 common respiratory patho-
gens, including 72 bacteria, 95 fungi, 50 viruses and 15 other
pathogens. Bioinformatics analysis was performed using the
MGI platform to align reads against the reference genome. A
positive result was defined as detection of 13 or more unique
reads with >95% coverage of the target region.

Evaluation of clinical diagnostic efficacy of RAA for PJ
PCR amplification system. The total volume of the PCR
reaction system was 25 ul. Each reaction contained 12.5 pl of
Thermo Scientific™ PCR Premix (2X) (containing Taqg DNA
polymerase, dNTPs and reaction buffer), 2 ul of 10 uM PJ-F
primer, 2 ul of 10 uM PJ-R primer, 2 ul of template DNA
(genomic DNA extracted from PJ-positive samples, non-PJ
pathogens or NC) and 6.5 ul of nuclease-free water to bring
the volume to 25 ul.

PCR amplification program. Thermal cycling was carried
out on a PCR instrument with the following parameters: First,
pre-denaturation was performed at 94°C for 10 min to fully
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Table I. Sequences of primers and probe for PJ RAA.

Primer name Sequence (5'-3") Target region Length, bp
PJ-RAA-F CGACTCATACCAGCACATCCACAACCACAT 2858-2887 30
PJ-RAA-R ACTCATCCTCAACCCTTCACTCGGCTTCAC 2977-3006 30
PJ-RAA- TCAAGAATAACACTCACTTCGACAAGAAGA 2899-2947 49
Probe [iI6FAMdT][idsp][iBHQ1dt]AAACCGACCAAGTGT [C3Spser]

F, forward; R, reverse; PJ, Pneumocystis jirovecii; RAA, recombinase-aided amplification.

denature genomic DNA. This was followed by 30 amplification
cycles, each consisting of denaturation at 94°C for 30 sec (to
separate double-stranded DNA), annealing at 60°C for 30 sec
(to enable specific binding of primers to target sequences) and
extension at 72°C for 30 sec (to synthesize new DNA strands
via Taq polymerase). After the cycling process, a final exten-
sion step was conducted at 72°C for 6 min to ensure complete
extension of all amplified products, and the reaction was then
held at 4°C indefinitely to preserve the amplified products.

Agarose gel electrophoresis. PCR products were
analyzed by agarose gel electrophoresis to confirm amplifi-
cation specificity. A 1% agarose gel was prepared using 1X
Tris-acetate-EDTA (TAE) buffer, with ethidium bromide added
for subsequent nucleic acid visualization. Electrophoresis was
run at a constant voltage of 90 V; the running time was adjusted
based on gel separation efficiency, typically 20-30 min, until
DNA bands were clearly distinguishable. The PCR products
were mixed with 6X DNA loading buffer. For sample loading,
1.3 ul of DNA Marker (GeneRuler 100 bp DNA Ladder;
cat. no. SM0241; lot no. 3498729; Thermo Fisher Scientific,
Inc.) and 4 ul of PCR product from each reaction were
loaded into separate wells of the gel. After electrophoresis,
gel images were captured using the ChemiDoc™ Imaging
System (cat. no. 12003153; Bio-Rad Laboratories, Inc.), and
the presence or absence of target bands was used to evaluate
the specificity of the PJ primers.

Establishment and optimization of RAA for PJ

RAA reaction system. The RA A assay was performed in a 50 ul
reaction volume using an RA A Nucleic Acid Amplification kit
according to the manufacturer's instructions. For fluorescent
RAA amplification, the system included 25 ul of RAA reac-
tion buffer, 2.6 ul of the forward primer PJ-RAA-F (10 uM)
and 2.6 pl of the reverse primer PJ-RAA-R (10 uM), 0.8 ul
of PI-RAA-Probe (10 uM), 12 ul of nuclease-free water, 5 ul
magnesium acetate and 2 pl of template DNA (25 ng/ul). For
conventional (electrophoresis-based) RAA amplification, the
system excluded the 0.8 ul of PJ-RAA-Probe (10 M), and the
volume of nuclease-free water was adjusted to 12.8 ul to main-
tain a total reaction volume of 50 ul. Fluorescent reactions
were incubated at 40°C for 20 min on the CFX96™ Real-Time
PCR System, with fluorescence signals recorded every 20 sec
(corresponding to 1 cycle per 20 sec).

Optimization of reaction conditions. Key parameters were
optimized using DNA extracted from clinical samples as the
template, with tests performed across a series of conditions:
Temperatures of 37,38, 39,40, 41 and 42°C (each with a 20 min

incubation). For fluorescent RAA, samples that gave rise to an
exponential amplification curve above the NC threshold within
20 min were judged as positive. Optimal reaction conditions
were defined as the combination that yielded the earliest
amplification initiation and the fastest plateau phase arrival.

Evaluation of clinical diagnostic efficacy of RAA for PJ
Sensitivity. For sensitivity evaluation, the recombinant
pUCS57-PJ plasmid was serially diluted to generate a concen-
tration gradient ranging from 10* to 10' copies/ul (10%, 103,
102, 10) for fluorescent RAA assays. Fluorescent RAA was
performed under the optimized reaction conditions. All dilu-
tions were tested in triplicate to ensure reproducibility.

Clinical validation. The optimized fluorescent RAA assay
was used to detect 44 PJ-positive and 17 PJ-negative BALF
samples. Diagnostic performance indicators, including sensi-
tivity, specificity, positive predictive value, negative predictive
value, total agreement and « value (k: 0.61-0.80=substantial
agreement; 0.41-0.60=moderate agreement) were calculated
using SPSS 26.0 (IBM Corp.).

Statistical analysis. Data were analyzed using Imagel
(version 1.52a; National Institutes of Health) and SPSS 26.0.
The clinical diagnostic performance of the RAA assays was
evaluated, with tNGS used as the reference standard. Analyses
were based on a 2x2 contingency matrix using the chi-square
test. A two-tailed P<0.05 was considered to indicate statistical
significance.

Results

Primer/probe validation and plasmid construction.
Conventional PCR using PJ-RAA-F/R primers amplified
a 149 bp fragment from PJ-positive BALF DNA (Fig. 2A),
confirming the validity of the target region within the PJ major
surface glycoprotein gene. A specific amplification band was
only visible in the PJ-positive sample, while no bands were
detected in the NC and all non-PJ pathogens. This result
confirmed the high specificity of the primers for PJ detection.
NGS of pUC57-PJ showed 100% homology with the reference
PJ major surface glycoprotein sequence gene (GenBank ID:
KP168716.1), confirming successful plasmid construction
(Fig. 2B).

Optimization of RAA reaction conditions. Fluorescence
amplification was successfully detected across all tested
temperatures (37-42°C) in the detection of 3 PJ-positive BALF
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Figure 2. Detection of the specificity of primers and RAA assay. (A) Agarose gel electrophoresis profile of amplification products from the PJ-targeted
PCR assay. Lanes: 1: PJ-positive bronchoalveolar lavage fluid sample; 2: Acinetobacter baumannii; 3: Klebsiella pneumoniae; 4: Pseudomonas aeruginosa,
5: Proteus mirabilis; 6: Stenotrophomonas maltophilia; 7: Enterobacter aerogenes; 8: Enterobacter cloacae; 9: Serratia marcescens; 10: Candida albi-
cans; 11: Candida krusei. (B) The consensus sequence (top) was generated from the alignment of the reference sequence NSgenel-021.seq (bottom) and the
confirming next-generation sequencing read 240913HV1445-2 seq (middle). Numbers indicate nucleotide positions. M, DL1500 ladder; NC, negative control;

PJ, Pneumocystis jirovecii; RAA, recombinase-aided amplification.

samples. At temperatures <40°C (37, 38 and 39°C), amplifica-
tion initiation was relatively delayed, and the arrival time to the
plateau phase was prolonged. By contrast, the system exhibited
the earliest amplification initiation (mean: 20 cycles) and the
fastest arrival at the plateau phase at 40°C (Fig. 3), demon-
strating the most robust and efficient amplification kinetics.
This superior performance could be attributed to the highest
and most stable recombinase activity at 40°C in the fluorescent
RAA system, which ensured consistent and rapid nucleic acid
amplification. When the temperature exceeded 40°C (41 and
42°C), the amplification curves showed suboptimal morpho-
logical characteristics, with slower overall kinetics compared
to those at 40°C. Collectively, these results indicated that 40°C

was the optimal amplification temperature, as it balanced
both the speed of amplification initiation and the efficiency of
plateau phase arrival.

Analytical performance of RAA assay

Sensitivity. To evaluate the sensitivity of the fluorescent
RAA assay for PJ detection, serial dilutions of the PJ-positive
plasmid (10*, 103, 102 and 10 copies/ul) were used as templates
for amplification under the optimized reaction conditions, and
the corresponding curves are shown in Fig. 4. The amplifica-
tion curves exhibited a concentration-dependent trend: The
template with the highest concentration (10* copies/ul) initi-
ated amplification earliest (within 5-10 cycles) and produced
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Figure 3. Optimization of reaction conditions for RAA assays. Fluorescent RAA amplification curves of 3 PJ-positive bronchoalveolar lavage fluid samples (1,
2, 3) at different temperatures (37-42°C). PJ, Pneumocystis jirovecii; RAA, recombinase-aided amplification; RFU, relative fluorescence units.
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Figure 4. Sensitivity analysis of PJ detection assays. Sensitivity analysis of
fluorescent RAA assay for PJ detection using serial dilutions of pUC57-PJ
recombinant plasmid templates (10*-10 copies/ul) at 40°C for 60 cycles.
NC, negative control; PJ, Pneumocystis jirovecii; RAA, recombinase-aided
amplification; RFU, relative fluorescence units.

the strongest final relative fluorescence unit (RFU) signal. As
the plasmid concentration decreased (103, 102 and 10 copies/ul),
the initiation cycle of amplification was gradually delayed, and
the final RFU signal was sequentially reduced. Notably, even

the lowest concentration template (10 copies/u]) still generated
a detectable amplification signal (crossing the baseline within
25 cycles), indicating that the fluorescent RA A assay has good
sensitivity and can effectively amplify PJ target sequences at
low copy numbers.

Clinical validation. To evaluate the diagnostic perfor-
mance of fluorescent RAA, 44 BALF samples from patients
suspected of PCP were tested with tNGS as the reference
standard. Among 44 PJ-positive samples confirmed by tNGS,
36 were detected by fluorescent RAA, and no false-positive
results were observed in 17 PJ-negative samples (100% speci-
ficity for all assays). Diagnostic efficacy metrics (Table II)
showed that fluorescent RAA achieved 81.82% sensitivity,
86.89% overall agreement and a k value of 0.715 (P<0.001).
The fluorescent RA A assay exhibited good rule-out diagnostic
value, coupled with excellent clinical diagnostic perfor-
mance. Among the 61 patients, 48 (78.7%) were male and 13
(21.3%) were female, with a mean age of 70.2+9.8 years. In
the PJ-positive group, 36 (81.8%) were male and 8 (18.2%)
were female, with a mean age of 70.4+10.8 years; in the
PJ-negative group, 12 (70.6%) were male and 5 (29.4%) were
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Table II. Diagnostic performance of fluorescent RAA in clinical bronchoalveolar lavage fluid samples.

N fluorescence P fluorescence  Sensitivity, Specificity, PPV, NPV, Opverall
Parameter on RAA on RAA % % % % agreement, % « value P-value
tNGS P/ 36/8 0/17 81.82 100 100 68 86.89 0.715 0.001
tNGS N

Cross-tabulation of detection results and diagnostic efficacy metrics of fluorescent RAA, relative to tNGS. P, positive; N, negative; PPV,
positive predictive value; NPV, negative predictive value; RAA, recombinase-aided amplification; tNGS, targeted next-generation sequencing.

Table III. Characteristics of patients of the two groups at baseline.

Characteristic All patients (n=61) PJ-positive (n=44) PJ-negative (n=17) P-value
Sex, n (%) 0.486
Male 48 (78.7) 36 (81.8) 12 (70.6)
Female 13 (21.3) 8 (18.2) 5(294)
Age, mean + SD 70.2+£9.8 70.4+10.8 69.5£6.9 0.444

PJ, Pneumocystis jirovecii.

female, with a mean age of 69.5+6.9 years. The characteris-
tics of the cohort are summarized in Table III. There were no
significant differences between the two groups in terms of
gender or age (P>0.05).

Discussion

In this study, a novel RAA assay for the rapid and sensitive
detection of PJ was successfully developed and optimized.
The establishment of a robust molecular diagnostic tool for
PCP is of paramount clinical importance, particularly for
immunocompromised patients, where timely diagnosis can
significantly impact outcomes.

The RAA assay demonstrated several key advantages over
microscopy and PCR. It exhibited superior analytical sensi-
tivity, detecting down to 10 copies/ul of the target plasmid.
The RAA sensitivity was comparable to, or even exceeded,
the sensitivity of numerous previously reported molecular
assays for PJ (56-60). The ability to detect low pathogen loads
is critical for PCP diagnosis, as patients can present with
subclinical or early-stage infections.

The isothermal nature of the RAA technology is a major
strength. The optimized reaction at 40°C eliminates the
need for sophisticated and expensive thermal cyclers, which
are required for qPCR. This feature, combined with the
rapid turnaround time (results within 20-30 min depending
on the template concentration), makes the RAA assay a
promising candidate for POCT and use in resource-limited
settings (61-63). The entire process, from DNA extraction
to result interpretation, can be streamlined and potentially
performed in decentralized laboratories.

In terms of cost-effectiveness, the RAA assay offers
significant economic advantages over tNGS. The estimated
reagent cost per RAA test is ~50-80 RMB (~7-12 USD), which
is substantially lower than the tNGS cost of 400-600 RMB

(~59-88 USD) per sample on the MGI DNBSEQ-G99 plat-
form. Furthermore, the RAA assay does not require expensive
thermal cyclers or high-throughput sequencing platforms,
reducing both capital investment and maintenance costs.
The total turnaround time from sample processing to result
reporting is ~40-50 min for RAA, compared with 24-48 h
for tNGS, which may translate into reduced hospitalization
costs and earlier initiation of targeted therapy. These features
make RAA particularly suitable for resource-limited clinical
settings where budget constraints limit access to advanced
molecular diagnostics.

The clinical performance of the RAA assay was
highly encouraging. When tested on 44 tNGS-positive
BALF samples, the RAA assay detected PJ in 36 samples,
demonstrating a high sensitivity that supports its utility as
a rapid screening tool. Notably, the assay achieved perfect
specificity, with no false-positive results, which is clinically
valuable for avoiding unnecessary antifungal therapy and
reducing patient risk. The substantial agreement between
the RAA assay and the tNGS reference standard further
validates its reliability, while the observed false-negative
cases highlight the need for complementary testing in
high-risk settings. Overall, these findings position the RAA
assay as a promising diagnostic option for PJ, particularly in
resource-constrained environments where timely detection
is critical.

The systematic optimization process was crucial for
maximizing the assay's performance. Of note, 40°C was
identified as the optimal temperature, which provided
a balance between amplification efficiency and enzyme
stability.

Despite these promising results, the present study has
certain limitations. The sample size was relatively small.
Future studies should include a larger, more diverse cohort,
including clinically suspected samples, to comprehensively
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evaluate the clinical sensitivity and specificity. Additionally,
formal specificity testing against a broader panel of respira-
tory pathogens is warranted to conclusively demonstrate the
assay's exclusivity for PJ.

In addition to these study limitations, several practical
challenges should be considered when implementing the
RAA assay in clinical practice. The high analytical sensi-
tivity of RAA, while enabling detection of low pathogen
loads, concomitantly increases the risk of false-positive
results due to cross-contamination and nonspecific ampli-
fication arising from short target amplicons or primer
dimers (35). Furthermore, on-site nucleic acid extraction
remains a practical bottleneck for point-of-care deploy-
ment, and achieving multiplexed target detection under
single-tube closed-tube conditions represents an unresolved
technical challenge that may limit the assay's broader appli-
cation (35). In the present clinical evaluation, the observed
sensitivity of 81.82% indicates that a subset of PJ-positive
cases may be missed, necessitating complementary testing
with tNGS or gPCR in high-risk patients with strong clinical
suspicion. Additionally, the assay has been validated only
with BALF samples, and its performance with less invasive
specimens (such as expectorated sputum, induced sputum,
nasopharyngeal swabs and oropharyngeal swabs), along
with the long-term stability of lyophilized reagents under
decentralized storage conditions, requires further investiga-
tion. Addressing these operational and technical hurdles
is essential to maximize the clinical utility of RAA in
resource-limited settings.

In conclusion, in the present study, a rapid, sensitive and
specific RAA assay for the detection of PJ was developed. Its
isothermal nature, speed and compatibility with portable fluo-
rescence detectors position it as a valuable tool for the rapid
diagnosis of PCP, potentially facilitating earlier treatment and
improved patient management.

The current study established and optimized a RAA assay
for the detection of PJ. The assay demonstrates high sensi-
tivity, with a detection limit of 10 copies/ul, and can deliver
results within 20 min under an isothermal incubation at 40°C.
The clinical evaluation revealed excellent concordance with
tNGS results, underscoring the superior diagnostic perfor-
mance of the RAA assay for PJ detection. With its simplicity,
rapidity and potential for point-of-care application, the RAA
assay represents a significant advancement in the molecular
diagnosis of PCP.
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