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 Parasites of the rickettsial pathogens borne on ticks are an important factor of the 
human health problem particularly on wildlife border areas including the China-
Russia-DPRK region. The paper evaluated the rate and spread of Rickettsia spp. 
across this area to design effective measures of control transboundary transmission. 
There were 1,961 questing samples of ticks collected altogether. The collected ticks 
were grouped based on the tick species, sex, collection localities and Environmental 
Variables once they have undergone morphological identification. The genomic 
DNA was extracted from each of the pools and screened for Rickettsia spp. by 
targeting the gltA, ompA, and 17-kDa genes. PCR-positive amplicons were 
sequenced and analyzed by phylogenies. GLM showed that tick species and 
geographic location were the most significant factors driving Rickettsia positivity 
rates. Phylogenetic analysis identified two Rickettsia species, Rickettsia canadensis 
and Rickettsia heilongjiangensis, among the questing ticks found in this work. This 
paper is the first report based on the molecular data on presence of R. canadensis 
and R. heilongjiangensis in this border zone. These results highlight the urgency of 
increasing efforts of tick vector control to reduce transboundary disease spreading. 
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INTRODUCTION 

 
Tick-borne diseases (TBDs) are a major threat to 

public health. Non-specific initial signs of rickettsiosis 
tend to delay diagnosis and worsen the impact of the 
illness (Rymaszewska and Piotrowski, 2024). Rickettsia 
spp. are obligate intracellular Gram-negative bacteria 
responsible for the emerging zoonotic diseases in different 
parts of the world (Rymaszewska and Piotrowski, 2024). 
The main four groups of these pathogens transmit them 
through ticks, the spotted fever group (SFG), ancestral 
group (AG), typhus group (TG), and transitional group 
(TRG). Untreated SFG can be an increasing problem in 
global public health that may lead to fatal febrile disease. 
Many of the AG are probably not pathogenic or only 
mildly pathogeneous. TRG agents induce less severe fever 
and rash but require urgent medical attention (Sabour et 

al., 2022). Rickettsia spp. can be divided into several 
pathogenic species of concern in the field of zoonoses, 
particularly Rickettsia heilongjiangensis, Rickettsia 
rickettsii among others. Such infections induced by the 
Rickettsia spp. commonly manifest with fever, rash, 
headache, and vasculitis and often may proceed to 
multiorgan dysfunction and fatal outcomes in both 
humans (Ivan et al., 2022). SFG rickettsiae comprises R. 
heilongjiangensis whereas AG rickettsiae encompass R. 
canadensis (Salje, 2021). Molecular analysis has 
demonstrated the occurrence of R. canadensis in large 
geographical areas such as Canada, the United States, 
Russia, and some provinces in china (Xue et al., 2023). 
Conversely, R. heilongjiangensis has an Asiatic 
distribution, modern records are recorded in Russia, 
Japan, and Thailand (Keirans and Litwak, 1989; Kasama 
et al., 2019; Kim, 2022). 
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The study area encompasses the Tumen River Basin in 
northeastern Jilin Province, China, which shares ecological 
boundaries with Russia and the Democratic People's 
Republic of Korea (DPRK) (Li et al., 2022). Livestock 
farming is a major economic pillar in this region, where 
ticks cause substantial direct and indirect economic losses. 
Cross-border movement of livestock and wildlife are 
important factors that fuel the spread of ticks and the 
disease caused by them around the world (Tsao et al., 
2021). But the absence of research is observed in this area 
regarding the prevalence of Rickettsia spp. In this case, we 
analyzed whether the place of gathering, identity of tick 
species and other possible drivers have an influence on the 
prevalence of Rickettsia spp. in the tri-border area. To 
identify potentially new types of rickettsiae, thus offering 
an opportunity to develop early warning and precise 
rickettsioses control measures in this ecosystem. 
 

MATERIALS AND METHODS 
 

Tick Collection and Identification: During May-July 
2024, dragging method was used to collect 1,961 questing 
ticks across four border locations (Antu, Hunchun, Helong 
and Longjing) in border zones of China-Russia-DPRK. 
Species were identified morphologically and confirmed 
by sequencing mitochondrial 16S rRNA and COI genes 
(Keirans and Litwak, 1989; Black and Piesman, 1994). 
The ticks were grouped by species, sex, sites and 
environmental factors (2–15 individuals/pool) kept at -
80℃. They were stored as vouchers (No. JL-Tick-2024-
0001-1961) at Yanbian University. 
 
Sample Processing and DNA Extraction: Frozen ticks 
were removed from storage at -80℃ and thawed on ice. 
Ticks were processed with 1% diluted commercial bleach 
for 30 s, followed by rinsing in three successive baths of 
DNA-free water for 1 min each (Binetruy et al., 2019). 
Each tick pool was prepared by adding 800μL Minimal 
Eagle's Medium (MEM) and three steel beads before 
homogenization using Minilys Personal TGrinder H24 
Homogenizer (TIANGEN® Biotech Co., Ltd., Beijing, 
China) (1,750 ×g, 40 s, three times). The homogenate was 
cleared by centrifugation at 3,000 ×g for 5 min at 4℃ 
(Zhou et al., 2021). Genomic DNA was extracted using 
the TIANamp Genomic DNA Kit (TIANGEN® Biotech 
Co., Ltd., Beijing, China), following the manufacturer’s 
protocol. DNA purity (A260/280: 1.8–2.0) was verified 
by spectrophotometry. 
 
Molecular Detection of Rickettsia spp: The presence of 
Rickettsia spp. was determined with the aid of PCR that 
targeted the citrate synthase gene (gltA), the outer 
membrane protein A gene (ompA), and the 17-kDa 
common antigen gene (17-kDa) (Labruna et al., 2004; 
Kidd et al., 2008; Han et al., 2021). Amplification of PCR 
was done using the previously used methods (Paziewska 
et al., 2011; Cheng et al., 2016; Alieva et al., 2020; Xue 
et al., 2023). Each run consisted of both negative and 
positive controls. Positive control was derived by 
amplifying one Rickettsia-positive tick sample kept in our 
laboratory. Partial positive samples randomly chosen were 
sequenced by Sanger sequencing method. Further 
characterization of Rickettsia spp. was done by subjecting 

PCR-positive samples to multilocus sequence analysis 
(MLSA). Three protein-coding genes used were the RNA 
polymerase beta subunit (rpoB) and gltA and outer 
membrane protein B (ompB) for R. canadensis. In 
contrast, three protein-coding genes gltA, ompA and 
surface cell antigen 4 (sca4) were analyzed in R. 
heilongjiangensis. The obtained sequences were subjected 
to homology analysis using NCBI BLASTn. 
 
Statistical Analysis: For an accurate assessment of the 
infection status in pooled samples. The estimation of 
individual level prevalence was performed through 
Minimum Infection rate (MIR) and Maximum Likelihood 
estimate (MLE) with 95% confidence interval (CI) in the 
R version 4.5.0 (R Core Team, 2024). To account for 
potential hierarchical clustering in tick populations and 
quantify specific ecological effects, drivers of infection 
were evaluated by applying Generalized Linear Models 
(GLMs) and Mixed Models (GLMMs) based on the 
glmmTMB package (Brooks et al., 2017). Because highly 
correlated environmental variables can cause model 
overfitting, the measure of multi-collinearity was 
determined based on the Generalized Variance Inflation 
Factor (GVIF<3) (Fox and Monette, 1992). With the aim 
of identifying the most parsimonious ecological model 
and ensuring robust biological inferences, model selection 
was based on the Akaike Information Criterion (AIC) and 
Bayesian Information Criterion (BIC) and validation was 
done in 5-fold cross-validation, Area Under the Receiver 
Operating Characteristic (AUC-ROC) analysis as well as 
1,000 bootstrap re-samplings (Efron and Tibshirani, 
1993). 
 
Phylogenetic Analysis: For 16S rRNA and COI sequences, 
the best-fit model (GTR+F) was selected via ModelFinder 
(Kalyaanamoorthy et al., 2017). The maximum likelihood 
phylogenies were inferred with IQ-TREE and 1,000 
ultrafast bootstraps (Minh et al., 2020). NCBI Refseq 
Database Genomic GBFF files were obtained. Five genes 
(gltA, ompA, ompB, sca4, and rpoB) were extracted from 
NCBI RefSeq using PhyloSuite (Zhang et al., 2020), 
aligned with MAFFT (Katoh and Standley, 2013), and 
trimmed using Gblocks (Talavera and Castresana, 2007). 
Best-fit model (edge-linked) of each partition was selected 
using ModelFinder v2.2.0 based on AICc criterion: gltA 
(GTR+F+R3), ompB (GTR+F+G4), rpoB (GTR+F+R3), 
ompA (TIM3+F+R3), sca4 (GRR+F+G4). IQ-Tree 
maximum likelihood phylogenies were estimated using the 
edge-linked partition model under 1000 ultrafast bootstraps. 
Outgroup was Nuttalliella namaqua and Candidatus 
Midichloria mitochondrii. 

 
RESULTS  

 
Prevalence and infection rates of Rickettsia spp. in 
ticks: Five tick species have been identified within three 
genera among the ticks obtained in the samples of the 
China-Russia-DPRK border areas (Fig. 1). The initial 
estimate of infection had a significant variation depending 
on the region (P=0.004). Antu peaked at 45% (17/38) 
whereas Helong and Longjing reported lower values of 
14% (Table 1). 
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Fig. 1: Map of border areas of China, Russia, and DPRK. Gray ranges 
represent sampling areas. Black dots represent sampling points. 
 
Table 1: Statistical description of infection evaluation grouped by 
sampling site. 

Characteristic 
Antu   
N=381 

Helong  
N=491 

Hunchun  
N=771 

Longjing   
N=361 

P 
value2 

Species     <0.001 
D. silvarum 16 (42%) 0 (0%) 6 (7.8%) 5 (14%)  
H. longicornis 0 (0%) 0 (0%) 40 (52%) 0 (0%)  
H. concinna 14 (37%) 33 (67%) 10 (13%) 24 (67%)  
H. japonica 3 (7.9%) 5 (10%) 9 (12%) 6 (17%)  
I. persulcatus 5 (13%) 11 (22%) 12 (16%) 1 (2.8%)  
Sex     0.5 
Female 21 (55%) 27 (55%) 38 (49%) 23 (64%)  
Male 17 (45%) 22 (45%) 39 (51%) 13 (36%)  
EnvChar     <0.001 
Forest bushes 0 (0%) 16 (33%) 63 (82%) 0 (0%)  
Forest grassland 38 (100%) 33 (67%) 14 (18%) 36 (100%)  
Pool size 9.2±3.0 9.6±3.9 10.3±4.2 9.8±2.9 0.5 
Height 608±132 701±57 254±148 520±129 <0.001 
Temperature 20.9±3.6 13.1±0.6 20.8±2.9 23.9±1.4 <0.001 
RelativeHumidity 0.66±0.07 0.54±0.01 0.66±0.03 0.67±0.02 <0.001 
Preliminary 
evaluation  
of infection 

17 (45%) 7 (14%) 22 (29%) 5 (14%) 0.004 

1 n (%); Mean±SD. 2 Pearson’s Chi-Squared test; One-way analysis of 
means 
Notes: N=pool count of Site; Sample count=1961; Pool count=200; 
Positive pool count=sum(PosPool); Preliminary evaluation of 
infection=Positive pool count / N. 
 

The Minimum Infection Rate (MIR) and the 
Maximum Likelihood Estimation (MLE) estimates were 
used to determine individual prevalence by compensating 
pooling bias. MIR was 26.01/1,000 ticks whereas MLE 
was used to attain a single percentage of 2.95% (95% CI: 
2.22 –3.83%). 

Pool size was not significantly associated with 
infection positivity (P=0.790), indicating that the pooled 
sampling approach did not introduce detectable bias. 

Preliminary assessment of Rickettsia spp. infection in 
ticks using generalized linear mixed models (GLMM) 
Variable screening via variance inflation factor (VIF); 
Multicollinearity was assessed using variance inflation 
factors (VIFs; threshold=5). Temperature and relative 
humidity showed severe collinearity (VIF=10.27 and 
11.28, respectively), and were strongly correlated 
(Pearson’s r=0.96, Fig. 2a). The resulting combination of 
these variables as a composite Temp-RH index was then 
used in further models. With this change, all predictors 
exhibited satisfactory collinearity (VIF less than 3), and 
the final fixed effects design was determined as: ~ 
Sex+EnvChar+Pool size_z+Height_z+Temp RH index. 
 
Optimization of GLMMs: Three models that are 
candidate GLMMs were used to compare and identify the 
best random-effect structure (Table 2). To select the best 
one, Model 3, having random intercepts of Site and 
Site:Species, was chosen because it had the lowest AIC 
(233.19) and non-singularity. Cross-validation was used to 
assess predictive performance. Mean AUC of the respective 
Model 1, Model 2, and Model 3 values were 0.615 
(SD=0.127), 0.620 (SD=0.109), and 0.620 (SD=0.106). 
Even though Models 2 and 3 had equal mean AUC values, 
Model 3 was preferred as it had a lower value of AIC 
(233.19) and better stability. The residual diagnostics 
revealed that the model was well fitted (Fig. 2b). 
 
Table 2: Comparison of candidate GLMM structures and predictive 
performance. 
Model Fixed Effects  Random Effects  AIC Singular 
Model 
1 

Sex+EnvChar+Pool size (z)+ 
Height (z)+Temp-RH index (1 | Site) 234.27 FALSE 

Model 
2 

Sex+EnvChar+Pool size 
(z)+Height (z)+ Temp-RH index 

(1 | Site)+ 
(1 | Species) 234.33 FALSE 

Model 
3 

Sex+EnvChar+Pool size 
(z)+Height (z)+Temp-RH index 

(1 | Site)+(1 | Site: 
Species) 233.19 FALSE 

Table footnote. AIC, Akaike information criterion; EnvChar, 
environmental characteristics; (z), variables were z-transformed before 
analysis; Temp-RH index, Temperature-Humidity Index; Site:Species, 
interaction between site and species. 
 
Model-based analysis, interpretation and visualization 
of variables: The total McFadden R2 for the model was 
0.044. This value indicates a relatively low level of fit, 
reflecting limited explanatory power of the fixed effects. 
Based on the forest plot of the optimal model (Fig. 2c), the 
environmental variables (EnvChar) had an unmistakable 
negative correlation with Rickettsia positivity (Table 3). In 
contrast, Temp-RH index had a positive relationship, but 
this effect was not statistically significant (P>0.05). Sex, 
size of the pool and altitude were among some other factors 
that failed to have a statistically significant effect on the 
infection level. Such results indicate that the main 
determinants are environmental; however, the possible role 
of temperature and humidity should be explored through 
further modeling. 
 
Table 3: Summary of regression model results for factors influencing 
Rickettsia positivity rates. 
Term Estimate Std. Error z value P value 95% CI 
EnvChar  -0.55 0.57 -0.96 0.336 [-1.67, 0.57] 
Height (z) -0.22 0.29 -0.76 0.447 [-0.78, 0.34] 
Pool size (z) -0.11 0.21 -0.54 0.590 [-0.53, 0.30] 
Sex 0.02 0.36 0.06 0.950 [-0.68, 0.72] 
Temp-RH index 0.17 0.87 0.19 0.847 [-1.54, 1.88] 
Table footnote. Std. Error, standard error; CI, confidence interval; 
EnvChar, environmental characteristics; (z), variables were z-transformed 
before analysis; Temp-RH index, Temperature-Humidity Index. 
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Fig. 2: Model construction, optimization, and diagnostic evaluation. (a): Correlation between standardized temperature and relative humidity. (b): 
Evaluation of the optimal model. (c): Variable importance and forest plot analysis of the optimal Generalized Linear Mixed Model (GLMM). (d): ROC curve 
and AUC value of the simplified model. (e): The residual evaluation for the optimal model. (f): Variable contribution and forest plot of the GLM model. 

 
Marginal R2 value across all grouped fixed effects 

was 0.037 with their contribution approaching zero 
(<0.01%). This result is similar to the overall McFadden 
R2 of 0.044. In this framework, Site and Species have 
been identified as random effects and the rest are fixed 
effects. The negligible marginal R2 values signify low 
explanatory power of the present fixed predictors. The 
random effects are the major components of the model, 
accounting for spatial and interspecific heterogeneity. 
Thus, random effects are largely responsible for the 
variability of Rickettsia infection rates. 
 
GLM-based assessment of Rickettsia spp. infection 
status in ticks 
Model definition and variable selection: To account for 
the interaction between environmental factors, a Temp-
RH index was incorporated into the Generalized Linear 
Mixed Model (GLMM). This model structure was 

specified as: Formula: "PosPool ~ Temp-RH 
index+Height+Pool size+Site+Species+Sex+EnvChar". 

The values of VIF were computed to determine the 
possible existence of multicollinearity between the 
predictors. The threshold of VIF<5 was used to help 
stabilize the estimates of the model and as a means of 
selecting variables. 

The Generalized Variance Inflation Factor (GVIF) 
was used to test multicollinearity. The GVIF of the 
variable Site was 39.601, which is a high GVIF value 
compared to the traditional threshold of 10. It had an 
adjusted value of 1.846 and this indicated that there may 
be some level of collinearity between the various levels 
of the variable or its interaction with other predictors. 
On the contrary, the rest of variables were within 
acceptable limits. Their VIF values were always less 
than five, indicating no severe multicollinearity 
problems. 
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Validation of GLM after handling multicollinearity 
Significance test of model coefficients: The statistical 
analysis showed that Longjing and H. japonica were core 
significant variables (P<0.05) (Table 4). In particular, the 
Longjing location was significantly associated with a 
decrease in the risk of infection by ticks (coefficient 
value=-2.372). Equally, H. japonica demonstrated 
significantly less infection risk compared to the reference 
species (coefficient value=-1.837). The Temp-RH index 
had no significant result (P=0.246) but it had a positive 
coefficient (1.483). Therefore, the variable kept capturing 
possible weak effects and this was compatible with the 
conclusion of GLMM. 
 
Table 4: Results of the regression analysis for factors influencing 
Rickettsia positivity rates 
Variable Estimate 95% CI P value 
Intercept 1.248 (-0.415, 2.925) 0.139 
Temp-RH index 1.483 (-0.974, 4.071) 0.246 
Height -0.401 (-1.172, 0.342) 0.297 
Pool size -0.228 (-0.655, 0.186) 0.283 
Site    
  Helong -1.092 (-2.469, 0.185) 0.103 
  Hunchun -1.875 (-4.099, 0.305) 0.092 
  Longjing -2.372 (-4.402, -0.484) 0.017* 
Species    
  H. longicornis 0.416 (-0.965, 1.864) 0.560 
  H. concinna -0.746 (-1.881, 0.390) 0.195 
  H. japonica -1.837 (-3.880, -0.223) 0.040* 
  I. persulcatus -0.826 (-2.408, 0.736) 0.300 
Sex (Male) -0.032 (-0.748, 0.678) 0.929 
Environment (Forest grassland) -0.370 (-1.825, 1.142) 0.619 
Table footnote. CI, confidence interval; * P<0.05. 
 
Model selection and validation: To determine the most 
parsimonious ecological model, two candidate 
Generalized Linear Models (GLMs) were constructed and 
compared: the full model (PosPool ~ Temp-RH 
index+Height+Pool size+Site+Species+Sex+EnvChar) 
and the simplified model (PosPool ~ Temp-RH 
index+Site+Species). Based on the evaluation, the 
simplified GLM was selected over the full model. The 
simplified model provided a better fit (AIC=218.01 vs. 
223.65) and demonstrated superior calibration in the 
Hosmer-Lemeshow goodness-of-fit (GOF) test (P=0.555 
vs. 0.194). Additionally, it maintained comparable 
discriminative ability, yielding an AUC of 0.732 (95% CI: 
0.653-0.810) compared to the full model's AUC of 0.741 
(95% CI: 0.661-0.821). The strong discriminative ability 
of the simplified model was also validated by the ROC 
curve (Fig. 2d). To ensure the robustness of this optimal 
model and reduce the likelihood of overfitting to a 
specific location, site-stratified 5-fold cross-validation 
was conducted, demonstrating consistent predictive 
performance and generalization across different 
geographic folds (Table 5). Additionally, internal 
validation using 1,000 bootstrap resamplings confirmed 
that the parameter estimates maintained a strong level of 
fitting consistency without overfitting the specific sample 
data (Table 6). Consequently, this rigorously validated 
optimal model was used to evaluate the specific 
ecological drivers of Rickettsia infection. The residual 
evaluation for the optimal model is detailed in the Fig. 2e. 
 
Residual evaluation of the optimal model: Fitted 
models were compared using the goodness-of-fit test. The 
best model that included the Temp - RH index was 

characterized by the AIC value of 218.011 and BIC value 
of 247.695 and the model that did not contain the Temp - 
RH index had an AIC value of 219.305 and BIC value of 
245.692. It means that the use of the Temp-RH index 
improves the fitness of the model and ensures the 
parsimony in the model statistics. Thus, the chosen 
optimal model is verified to be the most suitable. 
 
Table 5: AUC metrics of simplified and full models evaluated via site-
stratified 5-fold cross-validation 

Model 
Mean 
Train 
AUC 

Mean 
Test 
AUC 

SD Test 
AUC 

Min Test 
AUC 

Max Test 
AUC 

Valid 
Folds 

Simplified 
Model  0.7421 0.6617 0.0930 0.5344 0.7596 5 

Full Model  0.7522 0.6431 0.0974 0.5063 0.7380 5 
Table footnote. AUC, area under the receiver operating characteristic 
curve; SD, standard deviation. 
 
Table 6: Internal validation of the final GLM coefficients using 1,000 
bootstrap resamples 
Statistic Original Value Bias Std. Error 
Intercept 0.7106 0.0336 0.6071 
Temp-RH index 1.7828 0.2166 1.0744 
Site    
Helong -1.1511 -0.0438 0.6900 
Hunchun -1.0909 -0.0985 0.7629 
Longjing -2.3929 -0.2895 1.3893 
Species    
H. longicornis 0.3623 0.0639 0.9447 
H. concinna -0.7487 0.0109 0.6851 
H. Japonica -1.6146 -2.0322 5.3731 
I. persulcatus -0.3037 0.0037 0.7782 
Table footnote. Std. Error, standard error; Temp-RH index, 
Temperature-Humidity Index. 
 
Ecological and environmental drivers of Rickettsia 
infection in ticks: The model examined the relationships 
between the infection of ticks by Rickettsia and the 
environmental variable (Temp-RH index), the sampling 
site, and the tick species. Site was found as the major 
predictor of infection risk (Table 7; Table 8). Even though 
Temp-RH index and Species did not reach statistical 
significance their observed trends were consistent with 
ecological predictions. Each predictor was displayed in a 
forest plot (Fig. 2f) representing its relative impact. 
 
Table 7: Summary of GLM parameter estimates for factors associated 
with Rickettsia positivity rate 

Term Estimate SE Statistic P 
value 

Wald 
chi2 

Wald 
% Group 

Temp-RH 
index 

1.780 1.030 1.73 0.084 2.98 12.80 Continuous 

Site         
Helong -1.150 0.585 -1.97 0.049* 3.87 16.60 Factor 
Hunchun -1.090 0.595 -1.83 0.067 3.36 14.50 Factor 
Longjing -2.390 0.883 -2.71 0.007** 7.34 31.60 Factor 
Species        
H. longicornis 0.362 0.707 0.513 0.608 0.263 1.13 Factor 
H. concinna -0.749 0.557 -1.34 0.179 1.80 7.77 Factor 
H. japonica -1.610 0.875 -1.85 0.065 3.41 14.70 Factor 
I. persulcatus -0.304 0.662 -0.459 0.647 0.210 0.906 Factor 
Table footnote. SE, standard error; CI, confidence interval; Temp-RH 
index, Temperature-Humidity Index; * P<0.05, ** P<0.01. 

 
Precisely, the infection risks in Longjing were much 

smaller in comparison to the reference site (OR=0.091, 
P<0.01). The same was also true with Helong, which had 
a significant decrease in infection risk (OR=0.316, 
P<0.05). Hunchun had a stable negative trend (OR = 
0.336, P>0.05) it failed to achieve a statistically 
significant level. The observed infection odds of H. 
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japonica were less than that of the reference group 
(OR=0.199, P>0.05). The others, including H. 
longicornis, H. concinna, I. persulcatus showed odds 
ratios close to unity and large P values (0.179-0.647) 
indicating infection rates similar to the baseline. The 
effect of the Temp-RH index on Rickettsia infection did 
not reach statistical significance (OR=5.95, P>0.05). 

In summary, sampling locations, types of ticks, and 
the Temp-RH indicator were the main sources of the 
model. Particularly, the risk of infection in the Longjing 
area was much less compared to the risk of infection in 
the reference area, whereas similar downward tendencies 
were detected in Helong and Hunchun. Although a 
positive coefficient was observed for the Temp-RH index, 
it lacked statistical significance (P>0.05).  

 
Table 8: GLM Optimal Model Coefficient Table. 
Variable Estimate  SE OR 95% CI P value 
Temp-RH index 1.780 1.030 5.950 0.873–52.780 0.084 
Site      
 Helong -1.150 0.585 0.316 0.097–0.981 0.049* 
 Hunchun -1.090 0.595 0.336 0.099–1.048 0.067 
 Longjing -2.390 0.883 0.091 0.014–0.478 0.007** 
Species      
 H. longicornis 0.362 0.707 1.440 0.368–6.049 0.608 
 H. concinna -0.749 0.557 0.473 0.158–1.424 0.179 
 H. japonica -1.610 0.875 0.199 0.027–0.961 0.065 
 I. persulcatus -0.304 0.662 0.738 0.198–2.722 0.647 
Table footnote. SE, standard error; OR, odds ratio; CI, confidence interval; 
Temp-RH index, Temperature-Humidity Index; * P<0.05, ** P<0.01. 
 
Sequence and phylogenetic analysis: Five tick species 
were found to have identities of 97.7-99.8% per cent to 

reference sequences in GenBank. The H. concinna, H. 
longicornis, H. japonica, D. silvarum, and I. persulcatus 
nucleotide identities to their respective sequences in 
GenBank were 98.7-99.4, 99.1-99.8, 97.7-99.6, 99.0-99.8 
and 99.3-99.7%. Two distinct species of Rickettsia were 
detected in ticks through multi-locus sequence alignment 
in GenBank. R. canadensis exhibited 99.2-99.9% 
nucleotide identity, while R. heilongjiangensis exhibited 
99.5-99.8% nucleotide identity to the respective 
sequences deposited in GenBank. Notably, both species 
were simultaneously detected in H. concinna. 
Phylogenetic analysis showed that Haemaphysalis 
japonica clustered with isolates from China (MG253031, 
NC_037246) and Japan (LC567919, LC567918). 
Additionally, H. concinna formed a distinct clade with 
Chinese isolates (OM368287, KY364906, NC_034785). 
H. longicornis grouped with isolates from Korea 
(PQ380094). D. silvarum was closely related to other 
Chinese isolates (OM368309, OM368310, NC_026552) 
and I. persulcatus clustered with Chinese isolates 
(OM368271, OM368270, KU935457, NC_004370). 
Nuttalliella namaqua from Africa was used as the 
outgroup (Fig. 3a). R. canadensis detected in this study 
formed a strongly supported clade along with Canadian 
(NC_009879) isolate (Fig. 3b). However, R. 
heilongjiangensis isolate in this study formed a 
monophyletic cluster together with a Japanese isolate 
(NZ_AP019864) (Fig. 3c). 

All obtained sequences were deposited in GenBank 
under accession numbers (Table 9). 

 

 
 
Fig. 3: Phylogenetic tree of samples included in this study. Use colored dots to visually indicate SH-aLRT / UFBoot support values directly on the 
phylogenetic-tree nodes. (a): Phylogenetic tree based on 16S rRNA and COI sequences of ticks, Nuttalliella namaqua was used as the outgroup. (b): 
Phylogenetic tree based on concatenated gltA, ompB, rpoB sequences of R. canadensis. Candidatus Midichloria mitochondrii was used as the outgroup. (c): 
Phylogenetic tree based on concatenated gltA, ompA, sca4 sequences of R. heilongjiangensis. 
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Table 9: GenBank accession numbers of mitochondrial and rickettsial 
sequences generated in this study 
Species Target gene Accession No. 
H. concinna COI PX435395 
H. concinna 16S rRNA PX287155 
H. japonica COI PX435430 
H. japonica 16S rRNA PX287153 
H. longicornis COI PX239504 
H. longicornis 16S rRNA PX285352 
D. silvarum COI PX239602 
D. silvarum 16S rRNA PX287154 
I. persulcatus COI PX239656 
I. persulcatus 16S rRNA PX435390 
R. heilongjiangensis gltA PX454776 
R. heilongjiangensis ompA PX454777 
R. heilongjiangensis sca4 PX454778 
R. canadensis gltA PX454773 
R. canadensis ompB PX454774 
R. canadensis rpoB PX454775 

 
DISCUSSION 

 
Ticks infests a wide range of endothermic hosts, 

including humans, livestock, and wildlife, serving as a 
competent vector for multiple zoonotic pathogens 
(Peňazziová et al., 2024; Shu et al., 2024). Its broad host 
range and vector capacity pose significant threats to both 
human and animal health. The detection of R. canadensis 
and R. heilongjiangensis in ticks collected from the 
China-Russia-DPRK border region represents a 
significant expansion of their known geographical 
distribution.  

Spatial variations suggest that infection risk is tightly 
linked to local ecological characteristics. For instance, the 
markedly reduced infection risk in Longjing may be 
attributed to a lower prevalence of Rickettsia in ticks or 
reduced tick population densities. 

It is important to note that I. persulcatus is well-
known as an important vector of Rickettsia spp. (Igolkina 
et al., 2016). In contrast, our model was associated with 
no significant association (OR=0.738). This mismatch 
could be due to the local ecological diversity or the fact 
that the region under study has a low incidence of 
pathogen. Moreover, the small number of individuals in 
some taxa might have limited the statistical ability to 
identify interspecific differences. 

The acquisition and passage of Rickettsia in tick 
could be conditioned by ideal hygrothermal parameters. 
As an example, high humidity reduces tick desiccation 
and promotes the growth of pathogens (Gray et al., 2009). 
The findings of Temp-RH index are consistent with eco-
physiological drivers of tick biology but must be tested at 
a bigger scale (Lindgren et al., 2000; Dong et al., 2020). 

Major weakness of this research is that several 
variables, including Hunchun, H. japonica, and the Temp-
RH index, exhibited marginal significance. To add more 
statistical power and reliability, especially in the 
underrepresented sites and taxa, future studies will further 
increase the sample size. Additionally, although the 
pooling strategy limits direct observation of exact 
individual prevalence, we addressed this by calculating a 
true prevalence of 2.95% using MLE. All pools were 
strictly monospecific, and GLM analysis confirmed that 
pool size did not significantly affect pool positivity 
(P=0.79), ensuring our ecological conclusions remain 
robust and unconfounded. 

In comparison with Helong and Longjing, Antu 
showed an exceptionally high likelihood of infection 
indicating that it should become a key area of 
prioritization in case of surveillance against Rickettsia. 
Although the Temp-RH index showed a positive trend, it 
was not statistically significant. Its potential influence on 
infection risk should be interpreted with caution and 
requires further investigation. If the low-risk pattern of H. 
japonica is confirmed, it can provide some hints on the 
possibilities of reducing risks through interspecific 
replacement of dominant species. While our model 
identified significant ecological drivers, its explanatory 
power is relatively low (McFadden R²=0.044; marginal 
R²=0.037). In fact, this aligns with general ecological 
studies, where the mean variance explained typically 
ranges from only 0.025 to 0.054 (Møller and Jennions, 
2002). Our model validation confirms that the identified 
predictors remain robust and biologically meaningful risk 
indicators. 

The phylogenetic analysis indicated that the R. 
canadensis identified in the present study was highly 
related to the isolate found in Canada. This genetic 
similarity suggests potential bird-mediated dispersal 
(Silatsa et al., 2020), though it remains speculative 
without direct host tracking data. Also, the DNA 
sequences of R. heilongjiangensis were grouped into 
clusters of sequences of Japan, implying possible 
epidemiologic relationships between such areas. 
Theoretically, the ecological connectivity of tri-national 
borders could facilitate cross-border pathogen spillage, 
but the specific role of avian and wildlife movement 
requires future empirical validation (Silatsa et al., 2020; 
Wu et al., 2021 and Kuno, 2024). 

The PCR-based approach used in this work aiming at 
a variety of genetic loci has proven to be an efficient 
detection and species identification mechanism used in 
Rickettsia, laying a solid basis on which later 
examinations can be based on (Kuno, 2024). The fact that 
pathogenic Rickettsia has been confirmed as being present 
within border areas underlines the necessity of long-term 
surveillance to track tick infections in various 
environments and reservoir hosts. 
 
Conclusions: The current research offers the initial 
molecular proof of R. canadensis and R. heilongjiangensis 
in ticks of the China-Russia-DPRK border zone, 
specifically, Jilin Province. The most significant 
contributors were the type of tick species and geographic 
location which altogether accounted to much of the 
variability of Rickettsia positivity rates. As we have found, 
there are considerable spatial differences. The incidence 
rate of infection in Longjing was much less than in the 
control area, whereas in the other two areas (Helong and 
Hunchun) it was also relatively low. Phylogenetic 
similarities suggest potential transcontinental and cross-
border dispersal, the specific role of migratory birds 
remains a hypothesis requiring future empirical validation. 
These results indicate the necessity to strengthen the inter-
country monitoring of tri-border illnesses caused by 
rickettsiosis in this ecologically vulnerable tri-country area. 
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