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Background: Scrub typhus (ST), is a vector borne zoonotic disease, transmitted by the larva of the trombiculid mites. The enzootic cycle of the pathogen involves rodents/shrews as the animal reservoirs and humans are the accidental dead-end host. A transposon-like activity in its major antigen 56 kDa, has led to the evolution of several serotypes/strains, and more than 40 serotypes are reported globally. Puducherry, India, is endemic to scrub, but limited data exist on local serotype distribution across hosts and vectors.

Methodology: A longitudinal molecular surveillance was conducted in Puducherry to investigate the genetic diversity of Orientia tsutsugamushi among humans, animal reservoirs, and vectors. Samples from febrile patients, trapped rodents/shrews, and their infesting mites were screened using real-time and nested PCR. Serotype analysis was performed by partial amplification and sequencing of the 56 kDa gene, followed by phylogenetic, pairwise genetic distance and amino acid analysis.

Result: ST infection was detected in 4.37% (95% CI: 3.05–5.71%) of human, 11.52% (95% CI: 8.6–14.4%) of rodent/shrew, and 2.36% (95% CI: 0.95–4.87%) of mite samples. Karp-like (51.72%) and Gilliam-like (41.38%) strains were predominant in both humans and animal hosts, with pairwise genetic distance (<0.1) and amino acid identity (>85%) analysis revealing a close relationship between the strains identified across the region. Notably, the only mite pool that tested positive for the 56 kDa gene, along with a shrew, was identified to belong to the TA678-like serotype (6.90%), which has not been previously reported from Puducherry.

Conclusion: This study provides molecular evidence of the enzootic maintenance and active human transmission of O. tsutsugamushi in Puducherry, with multiple co-circulating serotypes. The first detection of the TA678-like strain in the region suggests the possible introduction of new strains and underscores the need to monitor for strain-specific clinical manifestations in future studies.
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1 Introduction

Scrub typhus (ST) is a re-emerging rickettsial disease caused by Orientia tsutsugamushi, an obligate intracellular Gram-negative bacterium. It is transmitted by the bite of the chigger mites, majorly, by the trombiculid mites, e.g., Leptotrombidium deliense. In humans, the infection presents as an acute undifferentiated febrile illness (AUFI) with wide-ranging severity. The disease is associated with mortality rates of up to 70% (median rate 6%) in untreated cases, with over 1 billion humans at risk of acquiring the infection globally (Taylor et al., 2015). It is endemic in the Southeast Asian countries, constituting the tsutsugamushi triangle, and has recently exhibited its extension to other regions as well. Since the identification of three antigenically diverse strains of O. tsutsugamushi by Shishido, there have been reports of multiple strains that have caused several outbreaks (Shishido, 1962; Seetha et al., 2023). The 56 kDa gene encodes the most abundant antigen, the outer membrane protein of O. tsutsugamushi. The hypervariable regions in the 56 kDa gene contribute to the array of pathogenic strains (Ohashi et al., 1992). Based on the genetic diversity of the 56 kDa gene more than 40 serotypes have been reported, with their distribution changing from region to region in the tsutsugamushi triangle. The Karp and Gilliam serotypes are prevalent in Taiwan, Gilliam in China, and the Boryong in South Korea. In India Kato and Karp are dominant, while Kato, Karp, Gilliam, Kawasaki, and Kuroki types are found in Japan (Prakash, 2017). More importantly, the clinical characteristics of the disease were observed to vary with the serotype of the organism. The Karp strain is often linked to severe illness including encephalitis and multi-organ dysfunction, while strains like Boryong and Kato are generally associated with milder clinical presentations. Further, multiple ecological factors including the number of rodents, the characteristics of the habitat, the chigger index and the climatic conditions also play a critical role in the incidence of ST (Bhopdhornangkul et al., 2021; Ding et al., 2022; Chang et al., 2024; Konyak et al., 2024).

India has reported several outbreaks of ST with consistent disease burden in the past few decades. Puducherry is one among the endemic areas in the country reporting an increasing trend in the number of cases reported annually. The figures reached a maximum of 998 cases in 2022 and 984 cases in 2023. Subsequently, numerous studies were conducted to estimate the prevalence of ST in human and animal reservoirs. However, only a few have focused on the molecular characterization of the circulating serotypes of O. tsutsugamushi by amplification and nucleotide sequencing of the 56-kDa gene. Previous molecular studies in humans from Puducherry targeting the 56-kDa gene have reported a prevalence of 27.6 and 30% but did not determine the prevailing serotype (Patricia et al., 2017; Anitharaj et al., 2020). In the case of small mammals, Candasamy et al., did not observe any positivity for the 56-kDa gene in rodents/shrews collected from Puducherry (Candasamy et al., 2016). Recently, in household rats from Tamil Nadu, Karnataka, and Puducherry, Purushothaman et al., reported a prevalence of 55.29% by targeting the 47-kDa gene (Purushothaman et al., 2024). Notably, these studies too did not explore the serotype of the pathogen. In our previous works we observed the circulation of Karp, Kato and Kawasaki serotypes in the reservoirs and mite vectors in Puducherry (Devaraju et al., 2020; Balasubramanian et al., 2024; Eikenbary et al., 2024; Ritu et al., 2024). In continuation, the current study aimed to identify the serotype of the pathogen circulating among the patients (scrub typhus confirmed by PCR) and to establish its association with the strains circulating among the vector mites and the reservoir hosts rodents/shrews in Puducherry. Understanding the serotype distribution is crucial for refining the existing diagnostic assays, developing novel diagnostic tools, and advancing vaccine research (Koraluru et al., 2015).



2 Materials and methods


2.1 Ethical approval for study on rodent/shrews and human participants

The trapping and collection of blood and organ samples from the trapped rodents/shrews was approved by the Institutional Animal Ethics Committee (No: ICMR-VCRC/IAEC/2018/2) of ICMR-VCRC. For the use of human blood samples, the Institutional Human Ethics Committee (IHEC 1022/N/F) of ICMR-VCRC approval was obtained.



2.2 Human sample collection

All experiments on human participants were performed in accordance with the Declaration of Helsinki. Prior informed consent from human participants and/or their legal guardians were obtained before the sample collection. Blood samples were collected from patients (classified as acute undifferentiated febrile illness), with history of fever lasting between 3 to 14 days without any evident foci. The study excluded patients with severe illness precluding informed consent, those receiving immunosuppressive therapy, and individuals with a prior diagnosis of autoimmune disorders or malignancies. Additionally, patients presenting with an identifiable source of infection or an alternative cause of fever, as determined during the initial clinical evaluation by the attending physician, were also excluded. Two milliliters of blood in EDTA vials were collected from the patients seeking medical facilities from three tertiary care centers at Puducherry [1. Sri Venkateshwaraa Medical College Hospital and Research Centre (SVMCH&RC), 2. Sri Lakshmi Narayana Institute of Medical Science (SLIMS), and 3. Indira Gandhi Medical College and Research Institute (IGMCRI)] for 19 months from August 2022 to February 2024.



2.3 Trapping and processing of rodents/shrews

ARRIVE guidelines were followed with the animal usage in this study. Rodents/shrews were trapped from 29 randomly selected study sites in and around Puducherry. The live trapping of rodents/shrews was achieved using Sherman traps, using food items made of flour (“pakoda”) as bait. The rodents/shrews were trapped for a period of 1 year from January 2022 to December 2022. Traps (n = 20/site) were placed in domestic and peri-domestic areas around human habitats, vegetations and at the site of rodent/shrew burrows. The traps were set 1–2 h before the sunset and were retrieved before dawn. The positive traps were transported to the laboratory for further processing. The trapped rodents were euthanised with CO2 as recommended by CCSEA (Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), 2018) and taxonomically identified based on the morphological features (Agrawal, 2000).

From the trapped rodents/shrews, blood was collected by cardiac puncture in vials containing EDTA. Additionally, organs including the lungs, heart, brain, spleen, kidneys, liver, and small intestine were dissected and transferred to a labeled container with sterile PBS and then stored at −40°C until DNA isolation.



2.4 Ectoparasite collection from the trapped rodents/shrews

The trapped rodents/shrews were examined for the mite infestation. Using tweezers and hair brush, the mites in the pinnae, legs and fur of rodents/shrews were retrieved and stored in 70% ethanol at room temperature. Taxonomical identification based on the morphological features was carried out randomly in 2% of the mites. The taxonomically identical mites were grouped into pools (1–40 mites/pool) according to the geographical site of trapping and host.



2.5 Processing of the samples

Extraction of DNA from human and rodent/shrew blood samples was done using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. DNA from the mites and rodent/shrew organ samples was extracted by phenol-chloroform method (Ritu et al., 2024). Briefly, organs and mite pools were mechanically lysed using metallic beads and a tissue lyser (Qiagen, Hilden, Germany), followed by enzymatic digestion with proteinase K and lysis buffer. DNA was extracted using phenol-chloroform-isoamyl alcohol and purified through ethanol precipitation. The final DNA pellet was air-dried and reconstituted in nuclease-free water for downstream applications.



2.6 Molecular detection of O. tsutsugamushi

Molecular screening of O. tsutsugamushi in the DNA extracted from AUFI patients, rodents/shrews and mite pools was carried out by following the published protocols using the Real-time PCR (Tantibhedhyangkul et al., 2017) and Nested PCR (Furuya et al., 1993). All oligonucleotide primers and probes used in this study were procured from Eurofins Genomics India Pvt. Ltd. (Bangalore, Karnataka). Real-time PCR targeting the 47 kDa gene was performed using primers FP: 5′-CCATCTAATACTGTACTTGAAGCAGTTGA-3′; RP: 5′-GTCCTAAATTCTCATTTAATTCTGGAGT-3′ and a TaqMan probe FAM-TCATTAAGC/ZEN/ATAACATTTAACATACCACGACGA-IBFQ. Amplification was carried out using the Roche LightCycler® 96 system in a 10 μL reaction volume containing 2X LightCycler® 480 Probes Master (Roche Diagnostics, Mannheim, Germany), 10 pmol/μL each of forward and reverse primers, 10 pmol/μL of TaqMan probe, and template DNA. Thermal cycling conditions were: 95°C for 5 min, followed by 45 cycles of 95°C for 10 s, 60°C for 20 s, 72°C for 1 s, and a final step at 37°C for 30 s. Samples with a Ct value <40 were considered positive.

Two-step nested PCR targeting the 56 kDa type-specific antigen (TSA) gene was conducted using oligonucleotide primers N1 FP: 5′-TCAAGCTTATTGCTAGTGCAATGTCTGC-3′, N1 RP: 5′-AGGGATCCCTGCTGCTGTGCTTGCTGCG-3′, N2 FP: 5′-GATCAAGCTTCCTCAGCCTACTATAATGCC-3′, N2 RP: 5′-CTAGGGATCCCGACAGATGCACTATTAGGC-3′ as per Furuya et al. (1993). The first-round PCR was performed in a 25 μL reaction mixture containing 2X GoTaq® Green Master Mix (Promega, Madison, WI, USA), 10 pmol/μL of each primer, 25 mM MgCl2, and template DNA. The resulting amplicon was diluted 1:50 and used as the template for the second-round PCR. Thermocycling conditions for the first round were: 94°C for 5 min; 31 cycles of 94°C for 50 s, 55°C for 2 min, and 72°C for 2 min; followed by a final extension at 72°C for 7 min. The second-round PCR was carried out under the following conditions: 94°C for 5 min; 35 cycles of 94°C for 50 s, 58.8°C for 2 min, and 72°C for 2 min; followed by a final extension at 72°C for 7 min. PCR products were resolved by agarose gel electrophoresis, and the presence of a 483 bp amplicon was considered indicative of a positive result for O. tsutsugamushi.



2.7 Nucleotide sequencing and phylogenetic analysis

The 483 bp amplicons of 56 kDa TSA gene obtained from the nested PCR positive samples were subjected to Sanger sequencing using the Applied Biosystems Genetic Analyzer 3130XL (USA). Briefly, the PCR amplicons were purified using the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, Duren, Germany) and the cycle sequencing reaction was set up using the BigDyeTM Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, USA). The thermocycling conditions for the cycle sequencing PCR were: 96°C for 1 min and 25 cycles of 96°C for 10 s, 50°C for 5 s, 60°C for 4 min. The product was further purified using the NucleoSeq® kit (Macherey-Nagel, Duren, Germany), and subjected to nucleotide sequencing using the Applied Biosystems Genetic Analyzer 3130XL (USA). The quality of the Sanger sequencing results was checked using Chromas and edited in BioEdit. Sequences with clear, sharp peaks and low background noise were selected. The low quality reads at the beginning and end of each sequence were trimmed, and only those with good quality (Phred score ≥20) were used for further analysis. These high-quality sequences were then compared with known sequences in the NCBI database using BLASTn. Only matches with 97% or higher identity were accepted for identifying the strain. Multiple sequence alignment was done using ClustalW, and the phylogenetic tree was constructed by the Maximum Likelihood method with 1,000 bootstrap replicates using the Kimura-2 parameter model in the MEGA version 11 software (Tamura et al., 2021). Additionally, a distance matrix was generated based on pairwise genetic distances between the human, animal and mite 56 kDa sequences. The time scale analysis following Bayesian phylogenetics was performed using the HKY substitution model with strict molecular clock and constant population size tree prior in the BEAST package v2.7.7. The Markov Chain Monte Carlo analyses was run with 10,00,000 steps, combined with 10% burn value and a maximum clade credibility tree was constructed with 95% highest posterior density (HPD) interval using the TreeAnnotator and visualized using Figtree v1.4.4. Further, multiple sequence alignment of the translated amino acid sequences with the full-length standard reference sequence was carried out for each serotype using BioEdit software version 7.7.1. The amino acid changes observed were presented as a table and the percentage identity was determined.



2.8 Quality control measures

DNA extraction, PCR setup, and amplification were carried out in physically separated, designated laboratory areas to minimize the risk of cross-contamination. Standard operating procedures were followed at each stage including the DNA extraction, amplification, post-amplification, and sequencing. The quality of extracted DNA was assessed by spectrophotometric analysis (A260/A280 ratio) using a Nanodrop instrument (Thermofisher, Madison, WI, USA). Each PCR run included internal positive and negative controls to monitor amplification performance. For sequencing, the post-amplification control supplied with the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA) was used to confirm the reliability of reactions. All sequences generated were submitted to NCBI GenBank.



2.9 Statistical analysis

The data was entered and maintained in Microsoft Excel and analysis was performed in STATA version 18 (StataCorp, 2023). Prevalence of infection among the humans, rodents/shrews and mites were expressed as percentage with 95% Confidence interval.




3 Results


3.1 Molecular prevalence of O. tsutsugamushi in humans

A total of 916 blood samples from patients with AUFI were collected from three collaborating tertiary care centers in Puducherry between August 2022 and February 2024. Among these, 39 samples tested positive for the 47 kDa HtrA gene by real-time PCR, and 17 samples were positive for the 56 kDa TSA gene by nested PCR (Supplementary Figure S1). Overall, 40 patients tested positive for scrub typhus (ST) by either the 56 kDa or 47 kDa PCR assays (4.37%; 95% CI: 3.05–5.71%), and 16 patients were positive by both tests (Supplementary Table S1). The ST-positive patients (n = 40) were aged between 18 and 75 years, comprising 24 males (60%) and 15 females (37.5%); data for one patient were not available. The majority of cases (n = 24, 60%) were in the age group of 30–60 years.



3.2 Molecular prevalence of O. tsutsugamushi in rodents/shrews

A total of 460 rodents/shrews were captured using Sherman traps deployed across 29 study sites over the course of 1 year, from January to December 2022 of which 261 (56.73%) were male and 199 (43.26%) were female. Month-wise trap success rate ranged between 10 and 28.18% (Supplementary Table S2) whereas, area-wise trap success rate was within a range of 5–75% (Supplementary Table S3). Overall, the average trap success rate was 20.18%. Among the rodents trapped, the majority were Suncus murinus (n = 373, 81.08%), followed by Rattus rattus (n = 72, 15.65%) and Bandicota indica (n = 15, 3.26%) (Table 1). In the trapped animals, mite infestation was found in 39.78% (n = 183). For molecular detection of ST in trapped rodents/shrews, along with blood, seven different organs such as heart, brain, lungs, small intestine, spleen, kidney and liver were screened. In total, 58 samples—including 19 blood, 21 lungs, 5 heart, 7 liver, 2 kidney, 3 brain and 1 intestinal sample—from 45 rodents/shrews (9.78%; 95% CI: 7.07–12.5%) were tested positive for 47 kDa HtrA gene by real-time PCR. Further, 24 samples—including 9 blood, 5 lungs, 3 heart, 2 liver, 1 kidney, 2 spleen and 2 intestinal samples—from 20 rodents/shrews (4.35%; 95% CI: 2.48–6.21%) were tested positive for 56 kDa gene by nested PCR (Table 1 and Supplementary Table S4). Overall, 53 (11.52%; 95% CI: 8.6–14.4%) animals including 4 Rattus rattus and 49 Suncus murinus were identified to harbor the bacteria in blood or any other tissue either by 47 kDa or by 56 kDa PCR. In addition, 12 animals were positive for both the tests in at least one of the tissues analyzed (Supplementary Table S4).


TABLE 1 Molecular detection of Orientia tsutsugamushi among infected humans, rodents/shrews, and chigger mites in and around Puducherry.


	Sl. No.
	Source of isolates
	Total number of isolates/pools tested
	Real time PCR positives
	Nested PCR positives

 

 	1 	Human 	 	 	


 	Whole blood 	916 	39 	17


 	2 	Rodents/shrews 	 	 	


 	Suncus murinus 	373 	42 	18


 	Rattus rattus 	72 	3 	2


 	Bandicota indica 	15 	0 	0


 	3 	Mite pools 	296 	7 	1




 



3.3 Molecular prevalence of O. tsutsugamushi in chigger mites

From the animals trapped, a total of 7,465 trombiculid mites were retrieved. Of the mites identified using morphological features, the majority of them belonged to the genus Leptotrombidium (78.87%), including L. insigne (50.70%) and L. deliense (28.17%). The chigger index per animal was 16.23, with the highest value of 32.67 recorded in the month of June (Figure 1). Among the 296 mite pools screened for the presence of ST, 7 (2.36%; 95% CI: 0.95–4.87%) mite pools from 5 shrews were positive for ST by real-time PCR. Only one pool was tested positive for 56 kDa gene by nested PCR and was also identified to be the only sample positive for both tests (Table 1).
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FIGURE 1
 Graph depicting month wise chigger index along with scrub typhus positive (%) in rodents/shrews, humans and mite pools in and around Puducherry.




3.4 Phylogenetic analysis of O. tsutsugamushi strains circulating in Puducherry

Out of 42 nested PCR positive samples from humans (n = 17), rodents/shrews (n = 24) and vectors (n = 1), a total of 29 samples (16 human samples, 12 rodent/shrew samples, and 1 mite pool sample) yielded good quality nucleotide sequences which were subjected to genetic characterization. The sequences were analyzed and deposited in NCBI GenBank1 with the accession numbers listed in Supplementary Table S5. In the phylogenetic analysis (Figure 2) of the human samples (n = 16), the predominance of Karp-like (n = 9; 56.25%) and Gilliam-like (n = 7; 43.75%) strains was observed. Similarly, the dominant serotypes observed to be enzooticaly circulated among the animal reservoirs were identified to be Karp-like (n = 6; 50.00%) followed by Gilliam-like (n = 5; 41.67%) and TA678-like (n = 1; 8.33%). The only mite pool that was positive for 56 kDa was identified as TA678-like serotype. Interestingly, we observed that the animal host from which the only positive mite pool was retrieved, was tested negative for ST by both the real time and nested PCR assays.
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FIGURE 2
 Phylogenetic analysis of Orientia tsutsugamushi sequences derived from animal reservoirs, humans, and chigger mites. The tree was constructed using the Maximum Likelihood method with 1,000 bootstrap replicates based on the Kimura 2-parameter model, targeting the 56-kDa type-specific antigen gene. In the current study, strains identified from rodent/shrew samples are denoted by TRIANGLES, those from human samples by CIRCLES, and those from mite samples by SQUARES.


From the phylogenetic tree constructed using MEGA v. 11.0., it is notable that the strains of O. tsutsugamushi identified in patients, rodents/shrews and mite pools clustered into 3 groups. The pairwise genetic distance between humans and rodents/shrews/mite samples varied widely ranging from 0.03 to 0.93. Majority of the bacterial strains identified in the humans exhibited a closer genetic relatedness (distance < 0.1) with one or more of the strains circulating in rodents/shrews. The Gilliam related bacterial strain identified in a patient, with the sequence ID: PP935511, was identified to exhibit the least genetic distance (0.03) from five other strains identified in rodents/shrews (PP952072, PP952073, PP952078, OR689573 and OR689574) (Table 2). The tree constructed following the Bayesian phylogenetic exhibited the similar topology as the maximum likelihood tree. The mean evolutionary rate was determined to be 3.94 × 10−3 mutations/site/year (95% HPD: 3.15 × 10−3–4.73 × 10−3) and the time to the most recent common ancestor (TMRCA) was estimated to be 167 years (95% HPD: 134.61–200.63 years) (Supplementary Figure S2).


TABLE 2 Distance matrix depicting the genetic distance between the sequences of 56 kDa antigen of Orientia tsutsugamushi isolated from humans, rodents, and mites in and around Puducherry.


	Human samples
	Animal samples
	Mite



	PP952071
	PP952072
	PP952073
	PP952074
	PP952075
	PP952076
	PP952077
	PP952078
	OR689572
	PQ037255
	OR689573
	OR689574
	PP952079

 

 	PP935503 	0.28 	0.12 	0.12 	0.28 	0.33 	0.28 	0.28 	0.09* 	0.24 	0.38 	0.12 	0.12 	0.31


 	PP935504 	0.23 	0.09* 	0.09* 	0.23 	0.45 	0.24 	0.25 	0.10* 	0.24 	0.33 	0.08* 	0.08* 	0.33


 	PP935505 	0.50 	0.59 	0.61 	0.50 	0.72 	0.53 	0.54 	0.41 	0.55 	0.93 	0.62 	0.63 	0.54


 	PP935506 	0.05* 	0.30 	0.30 	0.05* 	0.46 	0.06* 	0.06* 	0.27 	0.06* 	0.08* 	0.29 	0.30 	0.32


 	PP935507 	0.23 	0.08* 	0.07* 	0.23 	0.45 	0.23 	0.24 	0.09* 	0.22 	0.27 	0.07* 	0.07* 	0.31


 	PP935508 	0.23 	0.07* 	0.07* 	0.23 	0.42 	0.23 	0.24 	0.08* 	0.24 	0.34 	0.08* 	0.08* 	0.31


 	PP935509 	0.08* 	0.29 	0.28 	0.08* 	0.41 	0.08* 	0.08* 	0.26 	0.05* 	0.06* 	0.29 	0.30 	0.32


 	PP935510 	0.05* 	0.30 	0.30 	0.05* 	0.41 	0.06* 	0.06* 	0.28 	0.06* 	0.08* 	0.30 	0.31 	0.32


 	PP935511 	0.27 	0.03* 	0.03* 	0.27 	0.41 	0.27 	0.28 	0.03* 	0.27 	0.33 	0.03* 	0.03* 	0.32


 	PP935512 	0.05* 	0.30 	0.30 	0.05* 	0.40 	0.06* 	0.06* 	0.28 	0.06* 	0.08* 	0.30 	0.31 	0.32


 	PP935513 	0.28 	0.06* 	0.06* 	0.28 	0.37 	0.29 	0.30 	0.03* 	0.28 	0.37 	0.06* 	0.06* 	0.33


 	PP935514 	0.05* 	0.30 	0.30 	0.05* 	0.44 	0.06* 	0.06* 	0.28 	0.06* 	0.07* 	0.30 	0.31 	0.32


 	PP935515 	0.05* 	0.30 	0.30 	0.05* 	0.44 	0.06* 	0.06* 	0.28 	0.06* 	0.07* 	0.30 	0.31 	0.32


 	PP935517 	0.08* 	0.29 	0.28 	0.08* 	0.43 	0.08* 	0.08* 	0.26 	0.05* 	0.06* 	0.28 	0.29 	0.32


 	PP935518 	0.23 	0.07* 	0.07* 	0.23 	0.42 	0.23 	0.24 	0.08* 	0.24 	0.34 	0.08* 	0.08* 	0.31


 	PP935519 	0.08* 	0.19 	0.18 	0.08* 	0.25 	0.08* 	0.08* 	0.18 	0.07* 	0.13 	0.18 	0.19 	0.23





Values which are highlighted using bold font and an “*” indicate close association of the pathogenic strains isolated from human and animal samples.
 

A table describing the amino acid changes in each strain in comparison with the reference was constructed and included in Supplementary Table S6. Among the Gilliam-type sequences, alignment with the reference strain (accession no. DQ485289.1) revealed that the sequence PP935507 exhibited the highest amino acid identity (94.16%), while the sequence PP952078 demonstrated the lowest identity (85.58%). For the Karp-type sequences, comparison with the reference strain (accession no. AY956315.1) revealed that the sequences PP935514, and PP935515 exhibited the highest identity (98.01%) while the sequence PP935505 exhibited the lowest identity (53.13%). Similarly, the TA678-like study sequences PP952075 and PP952079 exhibited 81.88 and 95.10% identity, respectively, when aligned with the reference strain (accession no. GU446611.1). As TA678 was reported for the first time in Puducherry it was also compared with the partial sequence of the Indian isolate from Gorakhpur (accession no. MZ353593.1). The sequence PP952075 displayed 100% identity indicating no amino acid change, whereas the sequence PP952079 displayed 81.37% identity.



3.5 Seasonal trends in ST positivity in humans, animal reservoirs and mites

Among the 916 AUFI samples collected over 19 months, the ST positivity rate was highest in April (20%) and May (27.27%) (Figure 1). Among rodents/shrews trapped over a 12-month period, the highest positivity rate (33.33%) was observed in January and October. For mite pools, the highest positivity rate was recorded in June (7.25%).




4 Discussion

Scrub typhus is an endemic but frequently underdiagnosed zoonotic rickettsial disease, accounting for a significant proportion of acute undifferentiated febrile illness (AUFI) cases across multiple states in India. Outbreaks of scrub typhus are being reported over the past two decades in all the parts of the country, covering all the diverse climatic zones. As a vector-borne zoonosis, its burden is determined by the complex interactions between vector mites, animal reservoirs, and humans, the accidental hosts. Therefore, the present study aimed to investigate the genetic heterogeneity of O. tsutsugamushi strains across the human–animal–vector interface.

In the current study, of the 916 AUFI samples collected over 19 months from villages in and around Puducherry, ST infection was identified in 40 cases. The disease was more frequently seen in middle-aged men, likely due to occupational exposure to mite-infested environments, similar to the pattern reported in the earlier studies conducted in Kerala and Tamil Nadu (Varghese et al., 2013; Jyothi et al., 2015). The observed prevalence rate of 4.37% is considerably lower than the national prevalence of 25.3% reported in a systematic review (Devasagayam et al., 2021). The discordance observed could largely be attributed to the differences in diagnostic approaches. While the majority of studies relied on serological diagnostic tools especially IgM and IgG ELISA, we employed molecular diagnostics that enable the genetic characterization of the pathogen. PCRs are highly sensitive only during the window period of bacteremia. With the onset of adaptive immune response, the immunoglobulin levels rise, and the pathogenic load often decreases to a level undetectable by PCR. Hence, the samples collected quite later in the course of infection might have been undiagnosed by PCR, leading to the observed lower prevalence rate. In addition, the guidelines on the management of AUFI in adults, published by ICMR in 2019, insisted on the screening of patients with fever more than 5 days for ST and an optional empirical treatment with doxycycline in patients turning out to be negative in the rapid tests for dengue and malaria (ICMR guidelines on “Treatment guidelines for Antimicrobial use in common syndromes, 2019”). This in turn, could have cleared the pathogen load, hence rendering the PCR assay negative before sampling. More importantly, the study employed Real-time PCR targeting the 47 kDa gene and the Nested PCR targeting the 56 kDa gene, which were adopted from standard references. These assays have been reported to exhibit sensitivities of 75 ± 32% (range: 67.8–81.8%) and 97 ± 47% (range: 93.8–99.3%), respectively, with specificities of 100% (95.4–100%) and 100% (96.5–100%) (Kannan et al., 2020). This inherent variability in assay sensitivity, as reported in the literature, justifies the difference in the detection rates observed between the two tests in our study. This diagnostic limitation should also have contributed to the observed low prevalence estimates. Further, other factors such as the sampling bias due to case enrollment being limited to only three primary health care centers and variations in the sample collection, preservation, and transport might also have affected the positivity rate.

Rodents and shrews play a crucial role in the enzootic maintenance of O. tsutsugamushi, as evidenced by multiple studies (Devaraju et al., 2020; Balasubramanian et al., 2024), including the current investigation. Studies in animal models indicated that the bacteria remain detectable by PCR in multiple organs up to 84 days post-infection (Soong et al., 2016), and the viable rickettsiae have been found in rodent kidneys up to 4 months (Strickman et al., 1994). Our previous study reported a prevalence of 14.81% in rodents/shrews trapped even from areas without any reports of human cases of ST highlighting the risk of outbreak (Devaraju et al., 2020). The observed prevalence of 11.52% in this longitudinal study also reiterates the role of rodents and shrews in the enzootic maintenance of the pathogen and positive human infection confirms the transmission.

Sharma et al., reported a chigger index of 0.69 per rodent as a risk factor for ST outbreaks (Sharma, 2013). During the outbreak of ST in Himachal Pradesh (Kumar et al., 2004) and Gorakhpur (Sadanandane et al., 2021), chigger index of 2.46 and 5.3 was reported, respectively. In Puducherry, higher chigger indexes (41.1, 12.97, and 10.28 per animal) have been reported consistently in the recent past (Candasamy et al., 2016; Devaraju et al., 2020; Ritu et al., 2024). Following the same trend, in the current study a higher chigger index of 16.23 per animal was recorded. Month wise chigger index ranged from 1.95 (February) to 32.67 (June) per animal (Figure 1). Such a higher chigger index indicates a greater risk for ST outbreak during favorable climatic conditions. However, among the 296 pools of mites screened for ST, only 7 pools (2.36%) from 5 shrews (3 ST+ and 2 ST−) were tested positive for ST. A similar trend of low mite positivity was observed in our previous studies (Devaraju et al., 2020; Eikenbary et al., 2024) and the possible explanations include: (i) the potential DNA degradation during sample processing or storage, (ii) limitations inherent to the pooling strategy such as dilution of low-copy targets to the levels below the threshold of detection in PCR assays, (iii) the possibility of genuine low infection prevalence in the sampled mite population and (iv) other biological factors such as the host specificity and variability in vector competence. To address such issues, statistical modeling to determine the optimal pool size that balances sensitivity and cost-effectiveness, development of improved extraction protocols and internal controls to monitor DNA quality and standardization of operating protocols for the molecular xenomonitoring of mites for Orientia infection is suggested.

Globally, more than 40 strains of O. tsutsugamushi have been reported including the prototype strains like Kato, Karp and Gilliam (Nallan et al., 2025). Multiple serotypes of O. tsutsugamushi have been reported from various regions in India, showing significant geographic diversity. The most commonly identified strains in humans include the Karp-like and Kato-like genotypes (Varghese et al., 2013, 2015). In 2017, findings from Puducherry and its surrounding border areas in Tamil Nadu revealed the presence of Karp and Gilliam prototypes along with other serotypes such as Kuroki, Boryong, and Kato in humans (Anitha et al., 2017). Following the same trend, Karp-like and Gilliam-like strains were identified as the predominant circulating serotypes in Puducherry in the current study as well. Karp strain has been associated with longer stay in the hospital, with the involvement of multiple organs compared to the Gilliam strain. Further, the molecular evolutionary rate identified by Bayesian time scale analysis aligns with that reported earlier for O. tsutsugamushi with the TMRCA value suggesting the long-term circulation and diversification of the pathogen (Wongprompitak et al., 2015). Thus, the study highlights the co-circulation of strains with varying degree of virulence in Puducherry and the need to establish serotype-specific clinical manifestations existing in the region.

In addition to the predominant Karp and Gilliam-like strains, the current study also reports the circulation of TA678-like strain of O. tsutsugamushi for the first time in Puducherry in a shrew and vector mites. Although considered a less common genotype compared to Karp, Kato, or Gilliam, TA678 has been sporadically reported across parts of Southeast Asia and India, indicating a broader geographical distribution than previously recognized. The strain has been earlier reported in rodents and mites from Gorakhpur, Uttar Pradesh, which falls in the northernmost part of the country, during ST outbreaks significantly associated with Acute Encephalitis Syndrome (AES) (Sadanandane et al., 2018, 2021). In contrast, the incidence of such AES in ST patients has been only sparsely reported in South India. The above observation suggests that this new serotype may have recently entered the region, and its impact on clinical severity and outcome have to be monitored. In addition, the presence of TA678 in vectors without corresponding human cases reflects, host-specific transmission barriers, or underdiagnosis due to limited strain-specific molecular surveillance. Continued molecular monitoring and correlation with clinical data in human cases are essential to understand its unique virulence characteristics and associated variations in the disease severity compared to the other prevalent strains.

The genetic heterogeneity among different strains of the bacterium O. tsutsugamushi influences its antigenicity, which in turn affects the immune response, contributing to variations in disease severity and clinical outcomes across endemic regions. This factor also affects the diagnostic efficacy of the tools, as the real-time PCR probes commonly used can detect only certain prototypes, but not all the strains (Tantibhedhyangkul et al., 2017). The Karp genotype, in particular, has been consistently linked to severe clinical manifestations such as acute respiratory distress syndrome, hepatitis, renal failure, and thrombocytopenia (Chunduru et al., 2023). The higher prevalence of Karp-like strains identified in the current study suggests an increased likelihood of the disease progressing to more severe clinical outcomes if not promptly diagnosed and treated. Accordingly, in our study we encountered fatality in two cases due to severe complications such as thrombocytopenia, acute kidney injury and myocarditis. Among them, PCR positivity for the 56 kDa gene was observed in only one, and was identified as Karp-like suggesting its potential link to severe clinical outcomes. This underscores the need for ongoing surveillance and preparedness as Karp-like strains circulate in the region.

The pairwise genetic distance analysis revealed a clear pattern of genetic clustering based on serotype, with strains of the same serotype—Karp and Gilliam—exhibiting close genetic relationships (distance <0.1), and significantly higher divergence observed between different serotypes. Among the Karp-like strains, the lowest observed genetic distance was 0.05, indicating strong relatedness between human and rodent isolates, particularly for strains such as PP935509 and PP935510, suggesting active local transmission cycles. However, the human Karp strain PP935505 (Ulundurpet, Kallakurichi district) stood out as genetically distinct, showing no close association with any rodent or mite strains. Though the patient reported to a tertiary health care center in Puducherry, his residence was geographically distant from Puducherry. This supports the likelihood of an infection acquired outside the local transmission ecosystem, accounting for its divergence. Similarly, two TA678-like strains—one from a shrew (PP952075, Madagadipet) and one from a chigger mite (PP952079, Thuthipet)—were also genetically distinct and lacked close association with each other or with any other strain, suggesting either separate introductions or independent evolution in distinct ecological niches (Figure 3). Notably, within the Gilliam group, the human strain PP935511 showed a very high degree of similarity (distance = 0.03) with five Gilliam strains from shrews across different localities (Madagadipet, Poothurai, Periyababusamudram, and Bommayarpalayam). Another human Gilliam strain, PP935503 (Suthukeny, Villianur), also shared a close genetic relationship specifically with the Poothurai shrew strain PP952078. The observed genetic similarity strongly suggests sustained zoonotic transmission within this ecological niche.

[image: Map depicting the Puducherry region in India with a detailed section showing various location markers. The markers, differentiated by color and icon, represent types of human and rodent samples, including sequenced and non-sequenced types like Gilliam, Karp, and TA 678. A legend and compass rose are included.]

FIGURE 3
 Map showing rodent/shrew, human, and chigger mite positive cases in and around Puducherry.


The observed variability in amino acid sequences of the strains, when aligned with the full-length reference strains, suggests that the 56 kDa TSA gene can withstand a large amount of variation, as has been previously reported for the 47 kDa HtrA gene (Jiang et al., 2013). Notably, the human Karp strain PP935505, originating from a geographically distant location, exhibited the highest genetic distance and, as expected, the lowest amino acid identity. With respect to the TA678-like serotype, the chigger-derived sequence PP952079 exhibited the highest identity with the reference sequence (GU446611.1), which was also derived from chiggers. It was also observed that the shrew-derived sequence of TA678, PP952075 exhibited the highest identity with an Indian strain (MZ353593.1) detected in a shrew from Gorakhpur. In addition, a few cluster of strains were identical with the same translated amino acid sequences (i.e.), Gilliam: PP935508 and PP935518, Karp: PP952071, PP952074 and PP952076, Karp: PP935510, PP935512, PP935514 and PP935515 and Karp: PP935509 and PP935517 reaffirming the local transmission of the strains. Future studies should aim to obtain and analyze complete genomic data to enable comprehensive mutation analysis across additional genomic regions. Given the high mutation rates in rickettsiae which is attributable to their short generation times and large population sizes, such investigations are essential to better understand the genetic variability and evolutionary dynamics of the pathogen.

Scrub typhus exhibits a clear seasonal pattern influenced by environmental and climatic conditions. In India, the disease is most prevalent during the post-monsoon and cooler months (October to January), though regional variations exist (Mathai et al., 2003; Candasamy et al., 2016). These seasonal changes impact the abundance and activity of vectors and reservoirs, thereby influencing transmission dynamics. In the present study from Puducherry, while rodents/shrews showed the highest ST positivity during the cooler months (October and January) aligning with the above trend, chigger mite pools peaked in June. This indicated an increased vector activity during the early monsoon and a probable lag period between detectable positivity of the pathogen in mites and rodents/shrews. In the case of humans, though a noticeable increase in the cases was observed during the cooler months (November–January), the highest ST positivity occurred during the summer, particularly in April and May. As discussed earlier, this discrepancy in the month-wise positivity in human cases reflects the under-estimation of ST positives contributed by the choice of diagnostic tests used. The major thrust of the paper was to characterize the genetic heterogeneity of the pathogens and hence, human cases were detected only by molecular tests. PCR-based detection is known to be reliable only during the acute phase of infection, when antibody titres are low and pathogen levels are still detectable. Beyond the first week of clinical symptoms, PCR sensitivity declines significantly, making it unsuitable for late-phase diagnosis. Serological tests, such as ELISA, are therefore strongly recommended for detecting cases in AUFI patients presenting with fever for more than 5 days and to better understand the seasonal changes.

A major limitation of the study was the low infection rate detected in the screening of mites. The positivity rate did not correspond with the high chigger index observed in the field. This highlights the need for improved pooling strategies for xenomonitoring of ST in mites for future studies. Another important limitation was that only 29 of the 42 positives resulted in good-quality sequences suitable for genetic characterization. This might be because of the low pathogen load, resulting in less intense amplicon bands after the PCR. To circumvent this technical issue, we therefore, recommend the use of next-generation sequencing technologies, to generate reliable sequence data even from samples with low pathogen loads, mixed infection. Further, reliability only on PCR, absence of serological data, variability in diagnostic test accuracy, empirical treatment with doxycycline and minor differences in sample collection, transport, and storage across the three primary health centers may have introduced bias in the diagnostic outcomes and should be considered as limitations.



5 Conclusion

The current study revealed the higher prevalence of the Karp-like and Gilliam-like serotypes of O. tsutsugamushi among the animal reservoirs, vectors and the infected humans in and around Puducherry by phylogenetic analysis. With higher intra-serotype identity, abundance of infected animal hosts around human habitations, higher chigger infestation rates (39.78%) and higher chigger index (16.23%), this study highlights the ongoing transmission of the pathogen between animal reservoirs and humans through the mites. This emphasizes the need for regular zoonotic surveillance to predict disease outbreaks and to implement effective rodent control before the onset of congenial climatic conditions favoring the disease transmission. Further, with the first report of the TA678-like serotype among the reservoirs and vectors in the region, the study highlights the potential new introductions or strain evolution and reinforce the need for extensive molecular monitoring to track the newly emerging strains and to map their clinical significance.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Ethics statement

The studies involving humans were approved by Institutional Human Ethics Committee, ICMR-VCRC. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin. The animal study was approved by Institutional Animal Ethics Committee, ICMR-VCRC. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

KS: Data curation, Formal analysis, Investigation, Methodology, Software, Writing – original draft, Writing – review & editing. WA: Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Writing – original draft, Writing – review & editing. SS: Conceptualization, Formal analysis, Funding acquisition, Project administration, Resources, Supervision, Visualization, Writing – original draft, Writing – review & editing. AnaC: Resources, Writing – review & editing. VR: Resources, Writing – review & editing. AsaC: Resources, Writing – review & editing. AK: Resources, Writing – review & editing. ST: Investigation, Methodology, Writing – review & editing. LS: Investigation, Methodology, Writing – review & editing. AnoC: Resources, Writing – original draft, Writing – review & editing. MA: Methodology, Writing – review & editing. AR: Data curation, Software, Writing – review & editing. NY: Methodology, Visualization, Software, Writing – review & editing. PD: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The study on rodents/shrews was funded by the Department of Health Research, Ministry of Health and Family Welfare, Govt. of India, New Delhi (Grant No: R.11013/57/2021-GIA/HR) funded to PD. The study on humans was funded intramurally by ICMR-VCRC (Project ID: IM2211). The APC was funded by Indian Council of Medical Research, Govt. of India, New Delhi (Grant No: VIR/16/2023/VCRC) funded to SS.



Acknowledgments

The authors acknowledge the technical support rendered by S. Rajkumar and S. Pushpa.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1634394/full#supplementary-material



Footnotes

1   https://www.ncbi.nlm.nih.gov/genbank/


References
	 Agrawal,V. C. (2000). Taxonomic studies on Indian Muridae and Hystricidae (Mammalia: Rodentia). Kolkata, India: Zoological Survey of India.
	 Anitha,P. K., Hoti,S. L., Kanungo,R., Jambulingam,P., Yasin,N., Nair,S., et al. (2017). Occurrence of Orientia tsutsugamushi genotypes in areas of union territory of Puducherry and Tamil Nadu state, India. J. Emerg. Infect. Dis. 2:124. doi: 10.4172/2472-4998.1000124
	 Anitharaj,V., Stephen,S., and Pratheesh,P. (2020). Scrub typhus in Puducherry, India: application of nested PCR targeting three different genes - 56 kDa, 47 kDa and groEL of Orientia tsutsugamushi and comparison with ST IgM ELISA. J. Vector Borne Dis. 57, 147–152. doi: 10.4103/0972-9062.310866 
	 Balasubramanian,T., Sambath,U., Radja,R. D., Thangaraj,G., Devaraju,P., Srinivasan,L., et al. (2024). Pathological responses in Asian house shrews (Suncus murinus) to the naturally acquired Orientia tsutsugamushi infection. Microorganisms 12:748. doi: 10.3390/microorganisms12040748 
	 Bhopdhornangkul,B., Meeyai,A. C., Wongwit,W., Limpanont,Y., Iamsirithaworn,S., Laosiritaworn,Y., et al. (2021). Non-linear effect of different humidity types on scrub typhus occurrence in endemic provinces, Thailand. Heliyon 7:e06095. doi: 10.1016/j.heliyon.2021.e06095 
	 Candasamy,S., Ayyanar,E., Paily,K., Karthikeyan,P. A., Sundararajan,A., and Purushothaman,J. (2016). Abundance & distribution of trombiculid mites & Orientia tsutsugamushi, the vectors & pathogen of scrub typhus in rodents & shrews collected from Puducherry & Tamil Nadu, India. Indian J. Med. Res. 144, 893–900. doi: 10.4103/ijmr.IJMR_1390_15 
	 Chang,T., Min,K. D., Cho,S. I., and Kim,Y. (2024). Associations of meteorological factors and dynamics of scrub typhus incidence in South Korea: a nationwide time-series study. Environ. Res. 245:117994. doi: 10.1016/j.envres.2023.117994 
	 Chunduru,K., A,R. M., Poornima,S., Hande,H. M., M,M., Varghese,G. M., et al. (2023). Clinical, laboratory, and molecular epidemiology of Orientia tsutsugamushi infection from southwestern India. PLoS One 18:e0289126. doi: 10.1371/journal.pone.0289126
	 Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA). (2018). Compendium of CPCSEA. New Delhi: Ministry of Environment, Forest and Climate Change, Government of India.
	 Devaraju,P., Arumugam,B., Mohan,I., Paraman,M., Ashokkumar,M., Kasinathan,G., et al. (2020). Evidence of natural infection of Orientia tsutsugamushi in vectors and animal hosts - risk of scrub typhus transmission to humans in Puducherry, South India. Indian J. Public Health 64, 27–31. doi: 10.4103/ijph.IJPH_130_19 
	 Devasagayam,E., Dayanand,D., Kundu,D., Kamath,M. S., Kirubakaran,R., and Varghese,G. M. (2021). The burden of scrub typhus in India: a systematic review. PLoS Negl. Trop. Dis. 15:e0009619. doi: 10.1371/journal.pntd.0009619 
	 Ding,F., Wang,Q., Hao,M., Maude,R. J., John Day,N. P., Lai,S., et al. (2022). Climate drives the spatiotemporal dynamics of scrub typhus in China. Glob. Chang. Biol. 28, 6618–6628. doi: 10.1111/gcb.16395 
	 Eikenbary,B., Devaraju,P., Chakkravarthi,A., Sihag,K. K., Nathan,T., Thangaraj,G., et al. (2024). A molecular survey of zoonotic pathogens of public health importance in rodents/shrews and their ectoparasites trapped in Puducherry, India. Trans. R. Soc. Trop. Med. Hyg. 118, 616–624. doi: 10.1093/trstmh/trae033 
	 Furuya,Y., Yoshida,Y., Katayama,T., Yamamoto,S., and Kawamura,A. (1993). Serotype-specific amplification of Rickettsia tsutsugamushi DNA by nested polymerase chain reaction. J. Clin. Microbiol. 31, 1637–1640. doi: 10.1128/jcm.31.6.1637-1640.1993 
	 Jiang,J., Paris,D. H., Blacksell,S. D., Aukkanit,N., Newton,P. N., Phetsouvanh,R., et al. (2013). Diversity of the 47-kD HtrA nucleic acid and translated amino acid sequences from 17 recent human isolates of Orientia. Vector Borne Zoonotic Dis. 13, 367–375. doi: 10.1089/vbz.2012.1112 
	 Jyothi,R., Sahira,H., Sathyabhama,M. C., and Bai,J. T. R. (2015). Seroprevalence of scrub typhus among febrile patients in a tertiary care hospital in Thiruvananthapuram, Kerala. J. Acad. Ind. Res. 3, 542–545. doi: 10.7860/NJLM/2016/21801:2159
	 Kannan,K., John,R., Kundu,D., Dayanand,D., Abhilash,K. P. P., Mathuram,A. J., et al. (2020). Performance of molecular and serologic tests for the diagnosis of scrub typhus. PLoS Negl. Trop. Dis. 14:e0008747. doi: 10.1371/journal.pntd.0008747 
	 Konyak,B. M., Soni,M., Saikia,S., Chang,T., Gogoi,I., Khongstid,I., et al. (2024). Scrub typhus in Northeast India: epidemiology, clinical presentations, and diagnostic approaches. Trans. R. Soc. Trop. Med. Hyg. 118, 206–222. doi: 10.1093/trstmh/trad082 
	 Koraluru,M., Bairy,I., Varma,M., and Vidyasagar,S. (2015). Diagnostic validation of selected serological tests for detecting scrub typhus. Microbiol. Immunol. 59, 371–374. doi: 10.1111/1348-0421.12268 
	 Kumar,K., Saxena,V. K., Thomas,T. G., and Lal,S. (2004). Outbreak investigation of scrub typhus in Himachal Pradesh (India). J. Commun. Dis. 36, 277–283 
	 Mathai,E., Rolain,J. M., Verghese,G. M., Abraham,O. C., Mathai,D., Mathai,M., et al. (2003). Outbreak of scrub typhus in southern India during the cooler months. Ann. N. Y. Acad. Sci. 990, 359–364. doi: 10.1111/j.1749-6632.2003.tb07391.x 
	 Nallan,K., Kalidoss,B. C., Jacob,E. S., Mahadevan,S. K., Joseph,S., Ramalingam,R., et al. (2025). A novel genotype of Orientia tsutsugamushi in human cases of scrub typhus from southeastern India. Microorganisms 13:333. doi: 10.3390/microorganisms13020333 
	 Ohashi,N., Nashimoto,H., Ikeda,H., and Tamura,A. (1992). Diversity of immunodominant 56-kDa type-specific antigen (TSA) of Rickettsia tsutsugamushi. Sequence and comparative analyses of the genes encoding TSA homologues from four antigenic variants. J. Biol. Chem. 267, 12728–12735. doi: 10.1016/S0021-9258(18)42337-X 
	 Patricia,K. A., Hoti,S. L., Kanungo,R., Jambulingam,P., Shashikala,N., and Naik,A. C. (2017). Improving the diagnosis of scrub typhus by combining groEL based polymerase chain reaction and IgM ELISA. J. Clin. Diagn. Res. 11:DC27–DC31. doi: 10.7860/JCDR/2017/26523.10519 
	 Prakash,J. A. J. (2017). Scrub typhus: risks, diagnostic issues, and management challenges. Res. Rep. Trop. Med. 8, 73–83. doi: 10.2147/RRTM.S105602 
	 Purushothaman,S., Azhahianambi,P., Dharman,M., Gokula Kannan,R., Tirumurugaan,K. G., Soundararajan,C., et al. (2024). A cross sectional study on molecular prevalence of Orientia tsutsugamushi in household rat population of South India. Comp. Immunol. Microbiol. Infect. Dis. 111:102212. doi: 10.1016/j.cimid.2024.102212 
	 Ritu,G. P., Arif,W., Sihag,K. K., Chakravarthi,A., Anthony,T. N., Srinivasan,L., et al. (2024). Comparative evaluation of different tissues and molecular techniques for the zoonotic surveillance of scrub typhus. Vector Borne Zoonotic Dis. 24, 299–307. doi: 10.1089/vbz.2023.0069 
	 Sadanandane,C., Elango,A., Panneer,D., Mary,K. A., Kumar,N. P., Paily,K., et al. (2021). Seasonal abundance of Leptotrombidium deliense, the vector of scrub typhus, in areas reporting acute encephalitis syndrome in Gorakhpur district, Uttar Pradesh, India. Exp. Appl. Acarol. 84, 795–808. doi: 10.1007/s10493-021-00650-2
	 Sadanandane,C., Jambulingam,P., Paily,K. P., Kumar,N. P., Elango,A., Mary,K. A., et al. (2018). Occurrence of Orientia tsutsugamushi, the etiological agent of scrub typhus in animal hosts and mite vectors in areas reporting human cases of acute encephalitis syndrome in the Gorakhpur region of Uttar Pradesh, India. Vector Borne Zoonotic Dis. 18, 539–547. doi: 10.1089/vbz.2017.2246 
	 Seetha,D., Nori,S. R. C., and Nair,R. R. (2023). Molecular-based study of scrub typhus in Kerala, South India from 2014 to 2021: a laboratory-based study. Comp. Clin. Path. 32, 347–356. doi: 10.1007/s00580-023-03443-8 
	 Sharma,A. K. (2013). Entomological surveillance for rodent and their ectoparasites in scrub typhus affected areas of Meghalaya, (India). J. Entomol. Zool. Stud. 1, 27–29.
	 Shishido,A. (1962). Identification and serological classification of the causative agent of scrub typhus in Japan. Jpn. J. Sci. Biol. 15, 308–321.
	 Soong,L., Mendell,N. L., Olano,J. P., Rockx-Brouwer,D., Xu,G., Goez-Rivillas,Y., et al. (2016). An intradermal inoculation mouse model for immunological investigations of acute scrub typhus and persistent infection. PLoS Negl. Trop. Dis. 10:e0004884. doi: 10.1371/journal.pntd.0004884 
	 StataCorp (2023). Stata statistical software: release 18. College station, TX: StataCorp LLC.
	 Strickman,D., Smith,C. D., Corcoran,K. D., Ngampochjana,M., Watcharapichat,P., Phulsuksombati,D., et al. (1994). Pathology of Rickettsia tsutsugamushi infection in Bandicota savilei, a natural host in Thailand. Am. J. Trop. Med. Hyg. 51, 416–423. doi: 10.4269/ajtmh.1994.51.416 
	 Tamura,K., Stecher,G., and Kumar,S. (2021). MEGA11: molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 38, 3022–3027. doi: 10.1093/molbev/msab120 
	 Tantibhedhyangkul,W., Wongsawat,E., Silpasakorn,S., Waywa,D., Saenyasiri,N., Suesuay,J., et al. (2017). Use of multiplex real-time PCR to diagnose scrub typhus. J. Clin. Microbiol. 55, 1377–1387. doi: 10.1128/JCM.02181-16 
	 Taylor,A. J., Paris,D. H., and Newton,P. N. (2015). A systematic review of mortality from untreated scrub typhus (Orientia tsutsugamushi). PLoS Negl. Trop. Dis. 9:e0003971. doi: 10.1371/journal.pntd.0003971 
	 Varghese,G. M., Janardhanan,J., Mahajan,S. K., Tariang,D., Trowbridge,P., Prakash,J. A. J., et al. (2015). Molecular epidemiology and genetic diversity of Orientia tsutsugamushi from patients with scrub typhus in 3 regions of India. Emerg. Infect. Dis. 21, 64–69. doi: 10.3201/eid2101.140580 
	 Varghese,G. M., Janardhanan,J., Trowbridge,P., Peter,J. V., Prakash,J. A. J., Sathyendra,S., et al. (2013). Scrub typhus in South India: clinical and laboratory manifestations, genetic variability, and outcome. Int. J. Infect. Dis. 17, e981–e987. doi: 10.1016/j.ijid.2013.05.017 
	 Wongprompitak,P., Duong,V., Anukool,W., Sreyrath,L., Mai,T. T., Gavotte,L., et al. (2015). Orientia tsutsugamushi, agent of scrub typhus, displays a single metapopulation with maintenance of ancestral haplotypes throughout continental South East Asia. Infect. Genet. Evol. 31, 1–8. doi: 10.1016/j.meegid.2015.01.005


Copyright
 © 2025 Sihag, Arif, Srirama, Chandrasekaran, Raveendran, Chandrakumar, Kasirajan, Thavaraj, Srinivasan, Choolayil, Ashokkumar, Ramasamy, Yellapu and Devaraju. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-16-1634394-g003.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A longitudinal molecular surveillance of genetic heterogeneity of Orientia tsutsugamushi in humans, reservoir animals, and vectors in Puducherry, India



		1 Introduction



		2 Materials and methods



		2.1 Ethical approval for study on rodent/shrews and human participants



		2.2 Human sample collection



		2.3 Trapping and processing of rodents/shrews



		2.4 Ectoparasite collection from the trapped rodents/shrews



		2.5 Processing of the samples



		2.6 Molecular detection of O. tsutsugamushi



		2.7 Nucleotide sequencing and phylogenetic analysis



		2.8 Quality control measures



		2.9 Statistical analysis









		3 Results



		3.1 Molecular prevalence of O. tsutsugamushi in humans



		3.2 Molecular prevalence of O. tsutsugamushi in rodents/shrews



		3.3 Molecular prevalence of O. tsutsugamushi in chigger mites



		3.4 Phylogenetic analysis of O. tsutsugamushi strains circulating in Puducherry



		3.5 Seasonal trends in ST positivity in humans, animal reservoirs and mites









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-16-1634394-g001.jpg
3267

JAN FEB MAR APR MAY JUNE vy AUG SeP ocr Nov. DEC
Months

m— Chigger Index  ———Rodents/shrews ST Positive (%)  =———=Human ST Positive (%) = Mite Pools ST Positive (%)






OPS/images/fmicb-16-1634394-g002.jpg
KR706189.1 Gilliam Uttar Pradesh
KY319231.1 Gilliam India
KX130950.1 Gilliam Gorakhpur
@ PP935518 AUFI 927

@ PP935508 AUFI 360

@ PP935507 AUFI 310

@ PP935504 AUFI 086

2C @ PP935503 AUFT 045

@ PP935513 AUFI 868

@ PP935511 AUFI 834
EF213099.1 Human UT329 Thailand

002

002

007

GUI120147.1 ChiggersKMO2 Taiwan
DQ485289.1 Gilliam CDC Taiwan
DQS14319.1 Neimeng-65 China
A PP952078 AR376 Liver
A ORG689573 ARI72 Liver
A PP952073 AR376 Blood
A PP952072 AR365 Blood
| A ORG89574 AR173 Lung

KY946127.1 Human Kawasaki Korea
o M63383.1 Kawasaki
2

M63381.1 Shimokoshi Japan
U19904.1 TA678 Korea
M PP952079 AR259 MITE
o

002

GU446611.1 Chiggers TAG78 Taiwan
_{w A PP952075 AR407 Blood
002 1MZ353593.1 TAG7S Gorakhpur
o3 |OP037798.1 TA763 CMC Vellore

o
L U80636.1 TAT63 Korea

e U19905.1 TA7I6 Korea

M63382.1 Kato Taiwan

AF173041.1 Akita-7 Japan

AY836148.1 Kato Taiwan

A PPI52076 AR358 Heart

A PP952077 AR344 Intestine

| A PP952074 AR377 Blood

A PP952071 AR343 Blood

JQ898390.1 Human Boryong Korea

M63380.1 Kuroki

KJ868220.1 Human Boryong Korea

KY946003.1 Human Boryong Korea

A OR689572 AR212 Intestine
006 A PQU37255 AR212 Kidney
002 MZ353594.1Karp Gorakhpur

1M2353595.1 Karp Gorakhpur

002

@ PP935509 AUFI 718
@ PP935517 AUFI 915
2% OP037795.1 KARP CMC Vellore
@ PP935505 AUFI 117
0% @ PP935519 AUFI932
M33004.1 Karp
KY946108.1 Human Karp Korea
AY956315.1 Karp CDC
@ PP935506 AUFI 161
@ PP935510 AUFI 753
@ PP935512 AUFI 861
@ PP935514 AUFI 881
@ PP935515 AUFI 888

004

004

oot

001]

GILLIAM related

KAWASAKI related
SHIMOKOSHI related

TA678 related

TA763 related

TA716 related

KATO related

KARP related






OPS/images/cover.jpg
’ frontiers = Frontiers in Microbiology

A longitudinal molecular
surveillance of genetic
heterogeneity of Orientia
tsutsugamushi in humans,
reservoir animals, and vectors in
Puducherry, India












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






