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	1  Introduction
	Body fluid (or stain) is a kind of common biological evidence in forensic identification. Body fluid materials extracted from crime scenes contain a wealth of biological information closely related to the crime. Identifying the tissue origin of body f...
	DNA methylation is one of the most important epigenetic markers. It refers to the process of transferring a methyl group to the specific base under the catalysis of DNA methyltransferase (Mattei et al., 2022). The technology of detection requires a sm...
	Methylation-sensitive single nucleotide primer extension (SNaPshot) technology comprises site-specific DNA methylation analysis based on the capillary electrophoresis platform. It not only realizes the quantitative detection of multiple DNA methylatio...
	In this study, we identified a novel set of eight body fluid-specific DNA methylation markers for venous blood, semen, vaginal secretion, saliva, and menstrual blood in the Chinese Han population based on previous results, and constructed a multiplex ...

	2   Materials and Methods
	2.1  Selection and primer design of DNA methylation markers for body fluid identification
	For five kinds of body fluid (venous blood, semen, vaginal secretion, saliva, and menstrual blood) that are common in forensic practice, eight body fluid-specific DNA methylation markers (CpGs) were selected by the Illumina Infinium Methylation EPIC B...
	The MethPrimer 2.0 online software (www.urogene.org/methprimer2/) and Primer Premier 5.0 software were used to complete the primer designs of target DNA methylation marker amplification and single base extension (SBE). The design principles were as fo...

	2.2  Body fluid sampling and DNA exaction
	A total of 95 unrelated healthy Chinese Han volunteers (20~45 years old) provided 95 body fluid samples (15 venous blood samples, 20 semen samples, 20 vaginal secretion samples, 20 saliva samples, and 20 menstrual blood samples) and signed the written...
	The genomic DNA of body fluid samples was extracted by the QIAamp DNA Investigator Kit (Qiagen, Hilden, Germany). DNA quantification was performed using the Qubit 4.0 Fluorometer (Applied Biosystems, Foster City, CA, USA). The bisulfite conversion of ...

	2.3  Target DNA methylation marker amplification and single base extension
	The Platinum Multiplex PCR Master Mix Kit (Applied Biosystems) was used to complete the multiplex PCR reaction (total volume 20 μL), which included 1 μL of converted DNA, 10 μL of Platinum Multiplex PCR Master Mix (2×), 2 μL of GC Enhancer, 2 μL of mu...
	The SNaPshot Multiplex Kit (Applied Biosystems) was used to conduct the multiplex SBE reaction (total volume of reaction system was 10 μL): 5 μL of SNaPshot Multiplex Mix, 1 μL of multiplex SBE primer, 1 μL of purified amplification product and 3 μL o...

	2.4  Capillary electrophoresis for multiplex SNaPshot detection
	According to the manufacturer's instructions, the DS-02 Matrix Standard Kit (Applied Biosystems) was used for the spectral correction of the five-color fluorescence of 3130xL genetic analyzer (Applied Biosystems) before the SBE product separation. Nex...

	2.5  Tests of sensitivity, species specificity and mixed body fluid sample
	In order to test the sensitivity of this system, 10 ng of DNA from each body fluid sample was extracted for bisulfite conversion and diluted with deionized water separately to 0.5 ng, 1 ng, 2 ng, 5 ng, and 10 ng. Blood or saliva DNA templates (n=10) w...

	2.6  Construction of three models for body fluid identification
	The three different prediction models for five types of body fluids were constructed on basis of the pyrosequencing results of these eight CpGs obtained in the previous study. Ninety percent of all data was extracted as the training set to construct t...


	3  Results
	3.1  Methylation-sensitive SNaPshot system for body fluid identification
	The control DNA sample and control SBE primer in the SNaPshot Multiplex Kit were used for the quality control of capillary electrophoresis on a 3130xL genetic analyzer for the process of constructing an in-house SNaPshot system. The results showed tha...


	Fig. 1  Box plots of methylation levels for the eight body fluid-specific DNA methylation markers on the basis of previous work. BL, SA, MB, VF, and SE represents venous blood, saliva, menstrual blood, vaginal secretions, and semen, respectively.
	As shown in Fig. 2, CpG1 and CpG2 exhibited specifically low expression in these venous blood samples, and CpG3 and CpG4 also had specifically low expressions in saliva samples. Moreover, CpG3, CpG4 and CpG7 exhibited specifically high expression in s...

	Fig. 2  The capillary electrophoresis profiles of eight CpGs in five kinds of body fluid using the in-house multiplex SNaPshot system. The red peak represents Thymine (T), the black peak represents Cytosine (C), the blue peak represents Guanine (G), a...
	3.2  Artificial prediction model for body fluid identification
	In order to facilitate the interpretation of the detection data of our multiplex SNaPshot system, the classification threshold of each CpG for the target body fluid was set based on the pyrosequencing results obtained in previous work based on the res...
	The 95 body fluid samples in this study were tested by our in-house SNaPshot system (the data were shown in Fig. S2). According to the above classification threshold of single CpG for target body fluids, it was found that the CpG1 and CpG2 successfull...
	In addition, it is worth noting that CpG7 exhibited a specifically high expression in semen and low expression in venous blood, saliva and vaginal fluid samples. Therefore, when semen was mixed with only one of other three kinds of body fluids (venous...


	Fig. 3  Classification mode diagram of the artificial prediction model for five kinds of body fluids.
	3.3  SVM prediction model for body fluid identification
	A binary classification SVM prediction model was constructed for each kind of body fluid. In the construction of the model, the target body fluid was assigned a value of 1, and the non-target body fluid was assigned a value of 0. Two SVM prediction mo...
	The prediction results of 95 body fluid samples based on 10 SVM models were shown in Table 3. Compared with the models based on radial kernel function, the models based on linear kernel function exhibited fewer support vectors and higher prediction ac...

	3.4  RF prediction model for body fluid identification
	Based on the previous dataset, a RF prediction model for the five kinds of body fluids was successfully constructed. The misclassification rate of out-of-bag (OOB) could be used to evaluate the classification effect of the RF model. As shown in Fig. 4...


	Fig. 4  Relationship between random forest size and the change of out of bag (OOB) misclassification rate.
	In order to further analyze the performance of the RF prediction model for the five kinds of body fluids, a confusion matrix was used to visually compare the true values of the samples with the predicted values (Fig. S3). In predicting each kind of bo...
	After the RF models were successfully constructed, the average decline accuracy (ADA) and the average Gini decline (AGD) were calculated to evaluate the importance of the eight CpGs in the prediction models. The ADA values for the identification of ta...
	3.5  Preliminary assessment for forensic application
	The genomic DNA from five kinds of common animals was extracted to test the species specificity of the multiplex SNaPshot system. The results showed that no effective peak was detected in the genomic DNA of these animals (Fig. S5). According to the re...


	Fig. 5  DNA methylation levels detected by our in-house multiplex SNaPshot systems with different DNA inputs of five kinds of body fluid: (a) venous blood; (b) saliva; (c) menstrual blood; (d) semen; (e) vaginal fluid.
	In order to test the forensic efficacy of the system in identifying mixed body fluid samples, DNA templates from semen and menstrual blood, semen and saliva, and semen and vaginal fluid were separately mixed in ratios of 1:1, 1:2 and 1:4 with three se...

	Fig. 6  DNA methylation levels of mixed DNA samples from different body fluids detected by our in-house multiple SNaPshot system: (a) semen and menstrual blood; (b) semen and saliva; (c) semen and vaginal fluid.
	4  Discussion
	Previous studies have identified new body fluid specific DNA methylation sites from the whole human genome, and conducted their systematic validation and forensic evaluation. However, those strategies might not be optimal for the tissue traceability o...
	We have previously identified eight novel body fluid-specific CpGs based on the Illumina Infinium Methylation EPIC Beadchip array to identify five kinds of body fluid, and verified the consistency of two genotyping results between the SNaPshot system ...
	In the analyses of the methylation-sensitive SNaPshot system results, CpGs were determined according to the location of product peaks in the electrophoresis profiles. In principle, the location of the product peak at the CpG should be consistent with ...
	After the establishment of the methylation-sensitive SNaPshot system, the next important step in our study was finding the means to interpret the obtained data from the CpG typing result to predict the tissue source of the body fluid. Mixed samples ca...
	In order to avoid the bias caused by the artificial threshold, machine learning algorithms were introduced in this paper to achieve more accurate identifications of body fluids (Deo, 2015; Bi et al., 2019). SVM is a novel learning method based on kern...
	After the machine learning models were constructed, the corresponding parameters were calculated to evaluate the performance of these classifiers. The prediction accuracy rate refers to the prediction success ratio of the model for body fluid identifi...
	In this study, when the SNaPshot system based on eight novel CpGs was combined with the RF prediction model, the prediction accuracies for venous blood, saliva, semen, menstrual blood and vaginal secretion samples were all 100%. At the same time, the ...

	5  Conclusions
	In this study, a methylation-sensitive SNaPshot system was constructed based on eight novel body fluid-specific CpGs. Our in-house developed system showed good species specificity, high sensitivity (0.5 ng) and a good ability to identify mixed samples...
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