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Abstract

With the widespread use of the Y chromosome in genetics, a lot of commercially available Y

chromosome kits were developed, validated, and applied to forensic science practice. The

AGCU YNFS Y Kit is a new Y chromosome system containing forty-four preferred Y short

tandem repeats (Y-STRs) and five common Y-InDels. In this study, the AGCU YNFS Y sys-

tem was validated to verify its performance by following the guidelines of the Scientific Work-

ing Group on DNA Analysis Methods (SWGDAM). A series of validation experiments

included the following parameters: PCR-based studies, sensitivity studies, species specific-

ity studies, stability studies, mixture studies, precision studies, stutter calculation, mutation

and statistical analysis, population study, and case samples and degradation studies. The

results suggested that appropriately changing PCR amplification conditions did not affect

genotyping; the kit had good sensitivity for trace amounts of DNA (0.0625 ng), mixtures of

multiple male individuals (minor: major = 1: 9), and three PCR inhibitors (more than 250 μM

hematin, 250 ng/μL humic acid and 50 ng/μL tannic acid). The maximum standard deviation

of allele size did not exceed 0.1552 reflecting the high accuracy of the system. By this, 87

DNA-confirmed pairs of father-son pairs were also analyzed for mutations. A total of 18 loci

were mutated, with mutation rates ranging from 11.5×10−3 to 34.5×10−3 (95% CI 7.2×10−3–

97.5×10−3, DYS627 and DYF404S1). In the population study, the haplotype diversity of 87

unrelated individuals was 0.9997, and discrimination capacity was 0.9885. Degradation

studies have demonstrated that UV-C light exposure for up to 120 hours has no effect on

male blood and semen-vaginal secretion mixtures. However, complete typing could no lon-

ger be obtained after 48 hours of UV exposure in single male saliva and in male saliva and

female blood mixed samples. Collectively, the AGCU YNFS Y Kit is sensitive and accurate

and can play its application value in forensic science practice.

1. Introduction

The Y chromosome is a male-specific sex chromosome and can be divided into two regions

according to different modes of inheritance. One is the pseudoautosomal region (PAR) located
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at both ends of the Y chromosome, which can recombine with the corresponding region of the

X chromosome, and the other is the non-recombining Y (NRY), which is the male-specific

region (MSY) [1, 2]. Short tandem repeats (STRs) are still the gold standard for individual

identification and kinship analysis in forensic medicine due to their high polymorphism, het-

erozygosity, and relative stability [3]. Y-chromosomal short tandem repeats (Y-STRs) are char-

acterized by paternal and haplotype inheritance, and the haplotypes of male individuals in the

same paternal line are identical in the absence of mutations. The Y-STR test has important

application value for paternity identification, family investigation, male component detection

of mixed spots, and ethnic origin inference [4].

Currently, the application of the Y-STR construction database to conduct family line

searches and trace suspicious family lines helps to indicate the direction of the investigation

and narrow down the range of suspects. However, distinguishing between different male indi-

viduals within the same paternal line remains one of the goals pursued in the field of forensic

genetics. Adding more types and numbers of Y-chromosome genetic markers is expected to

solve the above problem. It has been shown that Y-STRs with high mutation rates have the

potential to differentiate male relatives of the same paternal line [5]. In a 2010 study analyzing

mutation rates of Y-STRs, Ballantyne et al. identified 13 rapidly mutating Y-STRs (RM

Y-STRs) with mutation rates of up to 10−2/generation, which provided a powerful tool for dis-

tinguishing paternal male relatives [6]. Ralf et al. discovered 12 new RM Y-STRs in their 2020

study [7]. Thereafter, RMplex, a system that integrates 26 RM Y-STRs and 4 fasting mutating

Y-STRs (FM Y-STRs), was invented and introduced into forensic genetics [8]. By combining a

lot of Y-STRs with high mutation rates, it is expected that the discrimination of male relatives

from the same paternal line will be realized, allowing the identification of criminal suspects

within the family line. Moreover, in recent years, insertion-deletion (InDel) markers have

gradually gained attention due to their advantages such as low mutation rate and small ampli-

fied fragments [9]. InDel is widely distributed in the human genome, with one InDel in about

7.2 kb [10]. Based on these, InDel has a better ability to analyze highly degraded DNA samples

and events in which STR is mutated in paternity testing [11, 12]. Y-InDel can be mainly used

as an auxiliary marker for sex determination and in combination with Y-STR as a supplement.

Faced with the need to solve the problem and combine the advantages of Y-STR and

Y-InDel, currently, a new amplification system called the AGCU YNFS Y Kit (AGCU Scien-

Tech Incorporation, Wuxi, Jiangsu, China), employs a six-dye fluorescent label with a total of

44 Y-STRs and 5 common Y-InDels, which contains most of the Y-STRs appearing in the kits

that have been applied to in practical cases. Among these loci, in addition to the size standard

fluorescence, the blue channel includes DYS392, DYS389I, DYS447, DYS389II, DYS438,

DYS549, DYS645, DYS596, DYS522 and DYS622. The green channel contains DYS391,

DYS456, DYS19, DYS460, DYS388, DYS627, DYS557, and DYS448. The yellow channel com-

prises DYS437, DYS481, DYS533, DYS390, DYS385, DYF387S1, DYS593 and DYS510. The

red channel incorporates rs771783753, rs20151M, DYS393, Y-GATA-H4, DYS439, DYS635,

DYS444, DYS643, DYS527 and DYS443. The purple one encompasses rs759551978,

rs199815934, rs74557M, DYS576, DYS458, DYS570, DYS449, DYS518 and DYF404S1. The

size and range of each locus are shown in Fig 1.

A series of validation experiments were conducted to evaluate the efficiency of this new kit,

containing PCR amplification conditions, sensitivity, stability, species specificity, precision

and accuracy, mixture testing, mutation analysis, population study, and case samples and deg-

radation studies. The developmental validation of the kit followed the guidelines of the Scien-

tific Working Group on DNA Analysis Methods (SWGDAM) [13].
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2. Materials and methods

2.1. Sample preparation

A total of four standard control DNA samples, which encompass 9948 (Thermo Fisher Scien-

tific, Waltham, MA, USA), 007 (Thermo Fisher Scientific, Waltham, MA, USA), M308 (Beijing

Microreader Genetics, Beijing), and K562 (Promega, Madison, WI, USA), were used in this

study. The first three were male samples, while K562 was a female sample. Nine animal species

including cavies, goats, cats, dogs, chickens, ducks, rabbits, pigs, and cattle were selected to

perform species studies (Zyagen, CA, USA) [14]. Blood samples from 87 DNA-confirmed

father-son pairs were collected from the Han Chinese population in Sichuan Province, China

and the Chelex 100 method was used to extract the DNA from father-son pairs [15]. Addition-

ally, saliva and blood samples from three males, semen samples from two males, and blood

and vaginal secretion samples from one female were collected for forensic scene simulation

and degradation studies. DNA was obtained from these samples using the QIAamp1DNA

Mini Kit (QIAGEN, Germany), as supplied by the manufacturer’s protocol. All participants

provided their written informed consent and sample collection was approved by the Medical

Ethics Committee of Sichuan University (K2019018). The recruitment period for our study

started on 1 January 2021 and ended on 31 June 2024.

2.2. DNA amplification

If not specifically declared, PCR amplification was strictly followed according to the instruc-

tions of the AGCU YNFS Y Kit. The total reaction was carried out in a 0.2 ml tube with a total

volume of 25 μL, which consisted of 10 μL of YNFS Y Mix Pro, 5 μL YNFS Y Primers Pro, and

0.5 ng of template DNA, and then nuclease-free water was added to 25 μL. The specific steps

for standard thermal cycling conditions are as follows. The initial denaturation step was a pre-

incubation at 95 ˚C for 2 min, subsequently followed by 28 cycles of denaturation at 94 ˚C for

30 s, annealing at 60 ˚C for 1 min, and extension at 66 ˚C for 1 min. Eventually, the final exten-

sion step was performed at 60 ˚C for 20 min and kept at 4 ˚C for further analysis.

Fig 1. Size and range of loci in the AGCU YNFS Y Kit.

https://doi.org/10.1371/journal.pone.0308535.g001
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2.3. Capillary electrophoresis and data analysis

The AGCU YNFS Y Kit uses the six-dye chemistry, which includes FAM, HEX, SUM, LYN,

PUR, and SIZ, providing YNFS Y Allelic Ladder and AGCU Marker SIZ-600. It is necessary to

establish the spectral resolution using the A6Dye Matrix for correcting each fluorescent dye in

this kit. Additionally, all PCR products were detected by the Applied Biosystems 3500 Genetic

Analyzer (Thermo Fisher Scientific, Waltham, MA, USA) with a 36 cm capillary array and

POP-4 polymer. The specific reaction conditions for 3500 are as follows. Samples were injected

at 1.2 kV for 10 s and electrophoresed at 15 kV for 1310 s at a run temperature of 60 ˚C. 1 μL

of PCR products or allelic ladder was added to a 9 μL mixture of Hi-Di formamide and AGCU

Marker SIZ-600. GeneMapper ID-X1.5 Software (Applied Biosystems Foster City, CA) was

utilized to analyze the raw data with 50 relative fluorescence units (RFU) as the analytical

threshold for peak height.

2.4. PCR-based studies

There are some key parameters of PCR amplification conditions. It is significant to evaluate

the performance of key PCR parameters and determine the parameter ranges of PCR amplifi-

cation conditions for obtaining accurate and stable STR genotyping results. This study tested

the following five parameters containing PCR reaction volume (25 μL, 15μL, 10 μL, 5μL,

3.5μL), cycle numbers (22 cycles, 24 cycles, 26 cycles, 28 cycles, 30 cycles, 32 cycles, 34 cycles),

annealing temperature (56 ˚C, 58 ˚C, 60 ˚C, 62 ˚C, 64 ˚C), the volume of YNFS Y Mix Pro

(6 μL, 8 μL, 10 μL, 12 μL, 14 μL) and the volume of YNFS Y Primers Pro (1 μL, 3 μL, 5 μL, 7 μL,

9 μL). 9948 DNA was employed as template DNA. 0.5 ng DNA was used in a 25 μL PCR reac-

tion volume, 0.3 ng DNA in a 15 μL volume, 0.2 ng DNA in a 10 μL volume, 0.1 ng DNA in a

5 μL volume, and 0.07 ng DNA in a 3.5 μL volume. While the other conditions were identical

to the recommended conditions, the test condition was changed sequentially. A series of PCR-

based studies were tested in triplicate.

2.5. Sensitivity studies

Sensitivity experiments were performed to assess the performance of the kit using 9948 DNA.

The total DNA inputs tested, which ranged from 0.03125 ng to 2 ng, were 0.03125 ng, 0.0625

ng, 0.125 ng, 0.25 ng, 0.5 ng, 1 ng, and 2 ng in a volume of 25 μL. Male control 9948 DNA was

diluted with nuclease-free water and amplified in triplicate.

2.6. Species specificity studies and stability studies

It is necessary to consider the possibility of other biological sources at the crime scene. DNA

from nine common animals was used to evaluate the species specificity of the AGCU YNFS Y

Kit, including dogs, cats, chickens, ducks, rabbits, pigs, cattle, goats, and cavies. All DNA sam-

ples were prepared at 2 ng for further amplification and analysis.

Since samples obtained in forensic practice usually contain some PCR inhibitors, we vali-

dated the anti-interference capability of the kit with three different PCR inhibitors. They were

hematin at concentrations of 125 μM, 250 μM, 500 μM and 1000 μM; humic acid at concentra-

tions of 250 ng/μL, 500 ng/μL, 750 ng/μL, 1000 ng/μL and 1500 ng/μL; and tannic acid at con-

centrations of 50 ng/μL, 75 ng/μL, 100 ng/μL and 125 ng/μL. 0.1 ng of the control 9948 DNA

was held constant in a 5-μL volume and amplified with the PCR inhibitors under the protocol

of the AGCU YNFS Y Kit.
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2.7. Mixture studies

Mixture experiments will investigate the gender-specificity of the AGCU YNFS Y Kit in a con-

text with female DNA. First of all, female DNA K562 remained unchanged at a concentration

of 400 pg. Secondly, the study used three different male samples, and added two male and

male DNA mixtures with a total input volume of 1 ng to the constant 400 pg female standard

in proportion, with the ratios being 1: 1, 3: 1, 9: 1 and 19: 1. Male control 9948 DNA was

mixed with 007 DNA and M308 DNA respectively.

2.8. Precision study and stutter calculation

A total of 45 allele ladders were used for precision analysis of this kit, which was performed 24

injections on an Applied Biosystems 3500 Genetic Analyzer. We calculated the average size

and standard deviation (SD) of each allele to measure the precision [16]. The stutter ratio was

gained by dividing the peak height of the stutter peak by the peak height of the major allele,

with the analytical threshold of the minimum stutter peak height set at 20 RFU.

2.9. Mutation analysis and population study

Data from the 87 father-son pairs were analyzed for mutation analysis studies of the AGCU

YNFS Y Kit. The data obtained were used to calculate the mutation rate per generation for

each locus, which is the ratio between the number of mutation events at that locus and the

total number of alleles transferred from father to son. The binomial 95% confidence interval

(CI) for the mutation rate was evaluated on the website (https://statpages.info/confint.html).

The population study was used to demonstrate the forensic genetic character of the AGCU

YNFS Y Kit, and 87 unrelated individuals were subject to population genetics studies. The fol-

lowing forensic parameters, including allele frequencies, haplotype frequencies, fraction of

unique haplotype (FUH), haplotype diversity (HD), gene diversity (GD), and discrimination

capacity (DC), were calculated using StatsY v1.0 [17].

2.10. Case samples and degradation studies

We collected saliva, blood, and semen samples from males and blood and vaginal secretions

from one female, which are common in forensic cases, to prepare simulated samples. Firstly,

single samples were prepared by taking 100 μL drops of saliva and blood from each of the

three males onto a sterile cotton swab. Secondly, the saliva samples of the three males were

mixed with the blood samples of the females, and the semen of the two males and vaginal

secretions were mixed for the preparation of mixed male and female samples, respectively.

Thus, a total of 3 sets of male blood samples, 3 sets of male saliva samples, 3 sets of male saliva

and female blood mixtures, and 2 sets of male semen and female vaginal secretion mixtures

were prepared. For subsequent experiments, the above samples were taken in triplicate. To

investigate the stability of the AGCU YNFS Y Kit in degraded samples, we tested these samples

kept in UV-C light exposure for 0 hours, 24 hours, 48 hours, 72 hours, 96 hours, and 120

hours. Thus, this part of the study had a total of 66 samples. UV-C light exposure was followed

by DNA extraction, amplification in triplicate, and electrophoresis.

3. Results and discussion

3.1. PCR-based studies

The standard PCR reaction volume for this system was 25 μL and the complete typing profile

of control 9948 DNA was shown in Fig 2. Considering the analysis of forensic trace material

analysis and the smaller volume is more suitable for Low Copy Number DNA samples, it is
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Fig 2. The complete typing profile of control 9948 DNA. The total reaction was carried out with a total volume of 25 μL, which

consisted of 10 μL of YNFS Y Mix Pro, 5 μL YNFS Y Primers Pro, and 0.5 ng of template DNA, and then nuclease-free water was

added to 25 μL.

https://doi.org/10.1371/journal.pone.0308535.g002
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significant to reduce the reaction volume by the same proportion to save reagents and reduce

costs. When dealing with samples with low template DNA (LTDNA), the sensitivity and accu-

racy of STR analysis were often improved by reducing the reaction volume [18, 19]. Complete

typing profiles without allelic deletions were detected in five different PCR reaction volumes

ranging from 3.5 μL to 25 μL by using control 9948 DNA (S1 Fig). The results showed that

accurate genotyping results could still be obtained with a reaction volume of only 3.5 μL,

which demonstrated the excellent performance of the AGCU YNFS Y Kit in handling Low

Copy Number DNA samples in a small volume.

Other four parameters of PCR amplification conditions also play an important role in PCR

amplification [20]. In the experiment exploring the number of PCR cycle numbers, the results

demonstrated that the more the number of PCR cycles, which ranged from 22 to 34 cycles, the

higher the peak height (S2 Fig). Genotyping was complete when the number of cycles was 24,

26, 28, 30, 32. However, when the number of cycles was 22, too low, no correct peaks were

detected for any locus. As for 34 cycles, lots of cleft peaks and spike peaks appeared on the

motifs with smaller fragments, and the vast majority of motifs showed more stutter peaks and

non-specific peaks, which did not allow for accurate genotyping. The cause of this phenome-

non may be the high concentration of PCR products resulting in too many cycles. Given that

the recommended number of PCR cycles of this system is 28, and that the genotyping results

are complete at 24–32 cycles, the number of cycles can be reasonably adjusted according to the

actual situation of samples and time in forensic practice. In the study on annealing tempera-

ture (S3 Fig), when the annealing temperature ranged from 56 to 62 ˚C, we could observe full

profiles. While at 64 ˚C, loci including DYS447, DYS549, DYS19, DYS437, DYS385,

rs759551978 dropped out. The results on annealing temperature suggested that the AGCU

YNFS Y Kit responded well to small deviations in annealing temperature so that the probabil-

ity of failure due to inaccurate temperature was reduced.

Changes in the concentration of PCR components can affect the efficiency of amplification

and the appearance of non-specific products [21]. Experimental manipulation errors may

result in the wrong concentration of PCR components being added. In this study, completely

correct typing results were detected and no allele dropped out with the condition of 6–14 μL

YNFS Y Mix Pro and 3–9 μL YNFS Y Primers Pro (S4 and S5 Figs). When the concentration

of YNFS Y Primers Pro was 1 μL, only 42.22% (19/45) of loci were successfully typed. Gener-

ally speaking, reasonable concentration variations of PCR components can not significantly

affect the results of the kit.

3.2. Sensitivity studies

There is a diversity of DNA samples in actual forensic cases, and trace DNA samples are com-

mon, often lower than the DNA concentration recommended by this system [22]. Therefore it

is essential to explore the sensitivity of the kit to assess the range of applicable DNA quantities.

A series of different control 9948 DNA inputs were detected in 25 μL reaction volume at an

analytical threshold of 50 RFU (Fig 3, S6 Fig). The result showed that the lower the amount of

DNA, the lower the peak heights. The mean peak heights ranged from 141.16 RFU to 5883.59

RFU, with a large increase at the DNA input of 1 ng. It could be observed that when the DNA

input is as low as 0.0625 ng, the genotyping profile remains accurate and complete. Nonethe-

less, when the amount of DNA was 0.03125 ng, 86.67% of the loci could be detected with com-

plete accuracy (Fig 3). Allelic loss was detected at the following five loci: DYS389I, DYS447,

DYS389II, DYS19 and DYS627, and the allelic typing error has occurred at rs759551978. The

study demonstrated that the optimal input of DNA in the AGCU YNFS Y Kit ranged from

0.0625 ng to 2 ng.
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3.3. Species specificity studies and stability studies

On account of the complex composition of the samples obtained at the forensic scene and the

possible presence of DNA from lots of other species, cross-reactivity testing was carried out

using the DNA of nine animal species closely related to human activities (S7 Fig). No peaks

above 300 RFU were detected in the ducks, rabbits, cattle, and cavies. A few significant peaks

were detected in samples from dogs, cats, chickens, pigs, and goats, which could obtain allele

genotyping. Among them, in the dog sample, the peak heights of alleles at DYS437, DYS481,

and Y_GATA_H4 exceeded 300 RFU and up to 900 RFU. The fragments of amplification

products detected were concentrated within 250 bp for the cat and an “OL” peak above 900

RFU was observed at DYS576 for the chicken sample. For pigs, at DYS635 and DYS443 we

found alleles with peak heights greater than 500 RFU. Additionally, it’s worth noting that a bit

more “OL” peaks and alleles were found in the sheep DNA sample and the peaks were more

heterogeneous. These results were a reminder that special attention should be paid to samples

with mixed DNA from more common poultry such as cats, chickens, pigs, and especially dogs

and goats in practice.

In the practical application of forensic science, complex field environments, and diverse

chemical elements are very common, which is likely to affect the analysis results of samples in

the scene. Hematin reduces the activity of DNA polymerase, affecting PCR amplification effi-

ciency through the function of fluorescence quenching [23, 24]. Humic acid is present in the

soil and inhibits amplification by binding to DNA templates or directly affecting DNA poly-

merase activity. Tannic acid is also a relatively common inhibitor that affects PCR amplifica-

tion efficiency. The results suggested that complete allele typing could be obtained at the

hematin concentration up to 250 μM, humic acid concentration up to 250 ng/μL, or tannic

acid concentration up to 50 ng/μL (S8 Fig). No alleles were obtained at hematin concentrations

of 1000 μM or more, humic acid concentrations of 750 ng/μL or more, or tannic acid concen-

trations of 125 ng/μL or more. Only a few alleles were found at a hematin concentration of

500 μM, with allelic 19 at DYS622, allelic 16 at DYS557, allelic 21 and 22 at DYS527, allelic 14

at DYS443 and allelic 38 at DYS518. At a humic acid concentration of 500 ng/μL, allelic 16 at

DYS557 and allelic 38 at DYS518 were observed. When tannic acid was 75 ng/μL, allelic 19 at

DYS622, allelic 16 at DYS557, allelic 22 at DYS527, and allelic 38 at DYS518 were found; when

tannic acid was 100 ng/μL, the last three loci mentioned above were still typed correctly. It was

Fig 3. Mean peak heights and alleles genotyped of the sensitivity studies ranged from 0.03125 ng to 2 ng. The

volume of PCR reaction was 25 μL.

https://doi.org/10.1371/journal.pone.0308535.g003
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worth explaining that a high “OL” peak was usually seen at DYS391, probably generated by

non-specific amplification of the primer itself. In review, the four loci, DYS622, DYS557,

DYS527, and DYS518, were more likely to be properly typed. To summarize, the AGCU YNFS

Y Kit showed some tolerance to different types and concentrations of inhibitors, and the effect

of PCR inhibitors on amplification still required attention.

3.4. Mixture studies

It is more common for samples obtained in sexual assault cases to be either mixed male/female

samples or multiple male mixed samples [25]. Based on this, the typing of different propor-

tions of male mixtures in this kit was explored against a background of 400 pg of female DNA

(S9 Fig). The main contribution was 9948 DNA, all of which could be detected. When the mix-

ing ratio of 9948 DNA and M308 DNA was 19: 1, M308 DNA, which was a minor contributor,

failed to obtain complete genotyping and the allele detection rate was 57.78% (Fig 4). The allele

detection rates of 007 DNA were 53.55% and 64.44% respectively with the mixing ratios of

9948 DNA and 007 DNA being 19: 1 and 9:1. These outcomes indicated that this kit would

give accurate and valid results when the mixtures were present in ratios greater than 9: 1.

3.5. Precision study and stutter calculation

Size precision is of paramount importance for reliable allele genotyping results. 45 allele lad-

ders were detected on the 3500 Genetic Analyzer to calculate the average size and standard

Fig 4. Amplification of two male/male/female mixtures. The total amount of DNA was 1ng for the male mixture samples and 400pg for the female.

The mixing ratios were ranged from 1: 1 to 19: 1. M1M2 represented DNA 9948:M308 and M1M3 represented DNA 9948:007 in the figure.

https://doi.org/10.1371/journal.pone.0308535.g004
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deviation. Scatter plots were generated by using average size as the horizontal coordinate and

standard deviation as the vertical coordinate (Fig 5). The lowest standard deviation for

DYS447 was 0.0083 and the highest standard deviation for DYS443 was 0.1552. It is demon-

strated that the AGCU YNFS Y Kit was essentially free from the risk of genotyping errors due

to insufficient size accuracy.

Stutter peaks are amplified fragments formed as a result of replication slippage during PCR

amplification and tend to occur one repetition unit smaller before and after the target allele

peak [26, 27]. A high proportion of stutter peaks can be easily confused with the typing of

minor contributors, affecting the analysis of mixed samples [28]. In this study, a total of 23 loci

had stutter peaks. The maximum stutter ratio, minimum stutter ratio, average stutter ratio,

and standard deviation (SD) of all the loci with stutter peaks were counted (S1 Table). The low-

est average stutter ratio was found at DYS622 (4.99%) and the highest at DYS570 (28.15%).

The recommended stuttering filter threshold was set to the average stutter ratio plus three

standard deviations [29], which was able to be applied in forensic practice.

3.6. Mutation analysis and population study

87 father-son pairs with confirmed parentage were used in the mutation analysis study. The elec-

tropherograms for one sample and the allelic ladder are shown in S10 and S11 Figs. Mutations

occurred in 23 of the 87 father-son pairs, for a total of 26 mutation events. The number of father-

son pairs in which 1, and 2 mutation events occurred was 20 and 3 pairs respectively. A total of

18 loci among the 45 loci were counted as mutated, with a range of mutation rates of 11.5×10−3–

34.5×10−3, all larger than 1×10−2 (Table 1). Among the 18 loci that were mutated, five loci have

been confirmed to be FM Y-STRs by previous studies [6, 7], including DYS627, DYF404S1,

DYS576, DYS570, and DYF387S1. Intriguingly, in this study, the two loci with the highest muta-

tion rates (34.5×10−3) were also DYS627 and DYF404S1, and their 95% CIs were both 7.2×10

−3–97.5×10−3. This illustrated the strong potential of these two loci to differentiate between male

Fig 5. Precision across 24 injections of the AGCU YNFS Y Kit allelic ladder on an Applied Biosystems 3500 Genetic Analyzer.

https://doi.org/10.1371/journal.pone.0308535.g005
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relatives of the same paternity. The lowest mutation rate among the other loci was 11.5×10−3

with a 95% CI of 0.3×10−3–62.4×10−3. Among the mutation events, the numbers of extended

and reduced mutations were twelve and fourteen, respectively, without significant bias, which

was consistent with previous findings [30]. In addition, it was noteworthy that among these

mutated loci, DYF404S1, DYS527, and DYF387S1 were all multicopy loci. Therefore, we hypoth-

esized that the mutation rate of the loci tended to increase with increasing copy number.

A total of 87 unrelated individuals were analyzed for genotyping results in the population

study. 86 haplotypes were present in the 87 Han Chinese male samples, with FUH of 0.9884,

HD of 0.9997, and DC of 0.9885. Specific genotyping and haplotype frequencies were shown

in S2 Table. A total of 257 alleles were detected in the 45 loci of the kit, with allele frequencies

ranging from 0.0057 to 0.9770 (S3 Table). These results indicated that the kit is a useful tool

for analyzing forensic cases and database samples.

3.7. Case samples and degradation studies

Evaluating the genotyping efficiency of degraded samples helps assess the stability and effi-

ciency of the kit [11]. We therefore tested different kinds of artificially degraded samples

exposed to UV light to assess the performance of the AGCU YNFS Y Kit. The results showed

that in both single male blood samples and mixed semen-vaginal secretion samples, all samples

were fully typed even after exposure to UV-C light for up to 120 hours (S12 and S13 Figs). In

other words, the duration of exposure to UV light did not affect the typing results of male

blood samples and mixed semen-vaginal secretion samples. However, of the three single male

saliva samples, complete genotyping was obtained only at 0 and 24 hours in one sample, and

only at 0 hours in the other two samples, both with a typing detection rate of 95.56% at 24

hours. All three samples had a genotyping detection rate of less than 90% at 48 hours-120

hours (S14 Fig). In three samples of male saliva and female blood mixture, all three samples

could be typed completely accurately at 0 and 24 hours, but after 48 hours of UV exposure,

Table 1. Number of mutations, number of mutation steps, number of gains and losses, mutation rates, and Binomial 95% CIs of 18 mutated loci.

Y-STR

Loci

Number of

mutations

Number of one-step

mutations

Number of two-step

mutations

Number of multi-

step mutations

Number of

gains

Number of

losses

Mutation rates

(×10−3)

Binomial 95%

CIs (×10−3)

DYS627 3 3 0 0 2 1 34.5 7.2–97.5

DYF404S1 3 3 0 0 2 1 34.5 7.2–97.5

DYS447 2 2 0 0 2 0 23 2.8–80.6

DYS622 2 2 0 0 0 2 23 2.8–80.6

DYS527 2 2 0 0 1 1 23 2.8–80.6

DYS576 2 2 0 0 1 1 23 2.8–80.6

DYS389II 1 1 0 0 0 1 11.5 0.3–62.4

DYS549 1 1 0 0 1 0 11.5 0.3–62.4

DYS522 1 1 0 0 1 0 11.5 0.3–62.4

DYS460 1 1 0 0 1 0 11.5 0.3–62.4

DYS533 1 1 0 0 0 1 11.5 0.3–62.4

DYS510 1 1 0 0 0 1 11.5 0.3–62.4

DYS393 1 1 0 0 0 1 11.5 0.3–62.4

DYS439 1 1 0 0 0 1 11.5 0.3–62.4

rs74557M 1 1 0 0 0 1 11.5 0.3–62.4

DYS458 1 1 0 0 1 0 11.5 0.3–62.4

DYS570 1 1 0 0 0 1 11.5 0.3–62.4

DYF387S1 1 1 0 0 0 1 11.5 0.3–62.4

https://doi.org/10.1371/journal.pone.0308535.t001
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only one sample was typed completely, and the other two samples both had one locus dropped

out. At 72 to 120 hours, only less than 85% of the loci were accurately detected in all three sam-

ples (S15 Fig). S16 Fig showed the genotyping detection rates for three sets of saliva samples,

and three sets of male saliva and female blood mixtures.

These results show that the AGCU YNFS Y Kit is stable and performs well for degraded sam-

ples, especially for degraded samples of blood and semen, which are more stable compared to

saliva. It is thought that saliva is less stable than blood and semen because collected saliva may

contain fewer shed cells of the oral epithelium and the oral cavity has a richer microbial commu-

nity, which may have an impact on the extraction of DNA [31]. Semen is more stable because

the nuclear membrane proteins of spermatozoa are rich in disulfide cross-links, which are less

likely to be damaged. In sexual assault cases, mixtures of male and female samples are usually

collected, and these two mixtures were also intended to explore the forensic applications of the

kit. In conclusion, we suggest that UV exposure has a greater effect on saliva and almost no effect

on blood and semen samples. Accurate typing of semen and vaginal secretion mixtures also

demonstrated the high accuracy of the kit in differentiating between male and female samples.

4. Conclusion

In general, the AGCU YNFS Y Kit is suitable not only for genealogical investigations of males

from the same paternal line and paternity testing but also for investigations of male suspects in

mixed samples of sexual assault and other criminal cases. Validation experiments were con-

ducted to verify the performance of the kit from the following aspects: PCR amplification con-

ditions, sensitivity, stability, species specificity, precision and accuracy, stutter calculation,

mixture testing, mutation analysis, population study, and case samples and degradation stud-

ies. All the results of the study showed that the kit is a highly sensitive, accurate, stable, conve-

nient, and informative kit. Therefore it can be applied in practice as a powerful

complementary tool to the existing Y-STR panel and promote the construction of Y chromo-

some databases, which have high application value in forensic practice.

Supporting information

S1 Table. Stutter percentages were calculated for 23 loci.

(XLSX)

S2 Table. Haplotype information of the 87 samples with haplotype frequencies, FUH, HD,

DC, GD.

(XLSX)

S3 Table. Allele frequency and gene diversity for 87 samples.

(XLSX)

S1 Fig. Genotyping profiles of control 9948 DNA amplified with different PCR reaction

volumes (3.5 μL, 5 μL, 10 μL, 15 μL, 25 μL).

(DOCX)

S2 Fig. Genotyping profiles of control 9948 DNA amplified with different PCR cycles (22

cycles, 24 cycles, 26 cycles, 28 cycles, 30 cycles, 32 cycles, 34 cycles).

(DOCX)

S3 Fig. Genotyping profiles of control 9948 DNA amplified with different annealing tem-

peratures (56 ˚C, 58 ˚C, 60 ˚C, 62 ˚C, 64 ˚C).

(DOCX)

PLOS ONE Developmental validation of the AGCU YNFS Y Kit for forensic application

PLOS ONE | https://doi.org/10.1371/journal.pone.0308535 August 9, 2024 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s006
https://doi.org/10.1371/journal.pone.0308535


S4 Fig. Genotyping profiles of control 9948 DNA amplified with different concentrations

of YNFS Y Mix Pro (6 μL, 8 μL, 10 μL, 12 μL, 14 μL).

(DOCX)

S5 Fig. Genotyping profiles of control 9948 DNA amplified with different concentrations

of YNFS Y Primers Pro (1 μL, 3 μL, 5 μL, 7 μL, 9 μL).

(DOCX)

S6 Fig. Genotyping profiles of control 9948 DNA amplified with different concentrations

of template DNA (0.03125 ng, 0.0625 ng, 0.125 ng, 0.25 ng, 0.5 ng, 1 ng, 2 ng).

(DOCX)

S7 Fig. Genotyping profiles of DNA from common animals (duck, rabbit, cattle, cavy, dog,

cat, chicken, pig, goat).

(DOCX)

S8 Fig. Genotyping profiles of control 9948 DNA amplified with different concentrations

of inhibitors (humic acid, hematin, tannic acid).

(DOCX)

S9 Fig. Genotyping profiles of template DNA mixed with male DNA and male DNA (9948:

M308, 9948: 007) under the background of 400pg female DNA (K562) at various ratios

(1:1, 3:1, 9:1, 19:1).

(DOCX)

S10 Fig. Electropherogram of one sample under standard thermal cycling conditions.

(DOCX)

S11 Fig. Electropherogram of allelic ladder designed for the AGCU YNFS Y Kit.

(DOCX)

S12 Fig. Genotyping profiles of one degraded male blood sample under different UV-C

light exposure times (0 hours, 24 hours, 48 hours, 72 hours, 96 hours, 120 hours).

(DOCX)

S13 Fig. Genotyping profiles of one degraded mixed semen-vaginal secretion sample

under different UV-C light exposure times (0 hours, 24 hours, 48 hours, 72 hours, 96

hours, 120 hours).

(DOCX)

S14 Fig. Genotyping profiles of one degraded male saliva sample under different UV-C

light exposure times (0 hours, 24 hours, 48 hours, 72 hours, 96 hours, 120 hours).

(DOCX)

S15 Fig. Genotyping profiles of one degraded male saliva and female blood mixture under

different UV-C light exposure times (0 hours, 24 hours, 48 hours, 72 hours, 96 hours, 120

hours).

(DOCX)

S16 Fig. Alleles genotyped of three saliva samples, and three male saliva and female blood

mixtures.

(DOCX)

PLOS ONE Developmental validation of the AGCU YNFS Y Kit for forensic application

PLOS ONE | https://doi.org/10.1371/journal.pone.0308535 August 9, 2024 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0308535.s019
https://doi.org/10.1371/journal.pone.0308535


Author Contributions

Data curation: Chaoran Sun, Xindi Wang, Lanrui Jiang, Zefei Wang, Lagabaiyila Zha.

Formal analysis: Hewen Yao, Zhirui Zhang.

Investigation: Yuxiang Zhou.

Methodology: Xindi Wang, Shuangshuang Wang.

Visualization: Lanrui Jiang, Zefei Wang.

Writing – original draft: Chaoran Sun.

Writing – review & editing: Haibo Luo, Feng Song.

References
1. Hallast P, Batini C, Zadik D, Delser PM, Wetton JH, Arroyo-Pardo E, et al. The Y-chromosome tree

bursts into leaf: 13,000 high-confidence SNPs covering the majority of known clades. Mol Biol Evol.

2014; 32: 661–673. https://doi.org/10.1093/molbev/msu327 PMID: 25468874

2. Skaletsky H, Kuroda-Kawaguchl T, Minx PJ, Cordum HS, Hlllier LD, Brown LG, et al. The male-specific

region of the human Y chromosome is a mosaic of discrete sequence classes. Nature. 2003; 423.

https://doi.org/10.1038/nature01722 PMID: 12815422

3. Court DS. The y chromosome and its use in forensic dna analysis. Emerging Topics in Life Sciences.

Portland Press Ltd; 2021. pp. 427–441.

4. Adnan A, Ralf A, Rakha A, Kousouri N, Kayser M. Improving empirical evidence on differentiating

closely related men with RM Y-STRs: A comprehensive pedigree study from Pakistan. Forensic Sci Int

Genet. 2016; 25. https://doi.org/10.1016/j.fsigen.2016.07.005 PMID: 27497645

5. Boattini A, Sarno S, Bini C, Pesci V, Barbieri C, De Fanti S, et al. Mutation rates and discriminating

power for 13 rapidly-mutating Y-STRs between related and unrelated individuals. PLoS One. 2016; 11.

https://doi.org/10.1371/journal.pone.0165678 PMID: 27802306

6. Ballantyne KN, Goedbloed M, Fang R, Schaap O, Lao O, Wollstein A, et al. Mutability of Y-chromo-

somal microsatellites: Rates, characteristics, molecular bases, and rorensic implications. Am J Hum

Genet. 2010; 87: 341–353. https://doi.org/10.1016/j.ajhg.2010.08.006 PMID: 20817138

7. Ralf A, Lubach D, Kousouri N, Winkler C, Schulz I, Roewer L, et al. Identification and characterization of

novel rapidly mutating Y-chromosomal short tandem repeat markers. Hum Mutat. 2020; 41: 1680–

1696. https://doi.org/10.1002/humu.24068 PMID: 32579758

8. Ralf A, Zandstra D, Weiler N, van Ijcken WFJ, Sijen T, Kayser M. RMplex: An efficient method for ana-

lyzing 30 Y-STRs with high mutation rates. Forensic Sci Int Genet. 2021; 55. https://doi.org/10.1016/j.

fsigen.2021.102595 PMID: 34543845

9. Chen L, Du W, Wu W, Yu A, Pan X, Feng P, et al. Developmental validation of a novel six-dye typing

system with 47 A-InDels and 2 Y-InDels. Forensic Sci Int Genet. 2019; 40: 64–73. https://doi.org/10.

1016/j.fsigen.2019.02.009 PMID: 30776773

10. Weber JL, David D, Heil J, Fan Y, Zhao C, Marth G. Human diallelic insertion/deletion polymorphisms.

Am J Hum Genet. 2002; 71. https://doi.org/10.1086/342727 PMID: 12205564

11. Filoglu G, Duvenci A, Tas S, Karadayi H, Asicioglu F, Bulbul O. Development of a multiplex panel with

36 insertion/deletion markers (InDel) for individual identification. Forensic Sci Med Pathol. 2023. https://

doi.org/10.1007/s12024-023-00652-z PMID: 37266863

12. Neuvonen AM, Palo JU, Hedman M, Sajantila A. Discrimination power of Investigator DIPplex loci in

Finnish and Somali populations. Forensic Sci Int Genet. 2012; 6. https://doi.org/10.1016/j.fsigen.2011.

09.005 PMID: 22005117

13. SWGDAM Validation Guidelines for Forensic DNA Analysis Methods.

14. Xie M, Song F, Li J, Xie B, Wang S, Wang W, et al. Validation of the AGCU Expressmarker 16 + 22Y

Kit: a new multiplex for forensic application. Int J Legal Med. 2020; 134: 177–183. https://doi.org/10.

1007/s00414-019-02200-3 PMID: 31713677

15. Walsh PS, Metzger DA, Higuchi R. Biotechniques 30th anniversary gem Chelex 100 as a medium for

simple extraction of DNA for PCR-based typing from forensic material. Biotechniques. 2013; 54.

16. Wang S, Song F, Xie M, Zhang K, Xie B, Huang Z, et al. Evaluation of a six-dye multiplex composed of

27 markers for forensic analysis and databasing. Mol Genet Genomic Med. 2020; 8. https://doi.org/10.

1002/mgg3.1419 PMID: 32677357

PLOS ONE Developmental validation of the AGCU YNFS Y Kit for forensic application

PLOS ONE | https://doi.org/10.1371/journal.pone.0308535 August 9, 2024 14 / 15

https://doi.org/10.1093/molbev/msu327
http://www.ncbi.nlm.nih.gov/pubmed/25468874
https://doi.org/10.1038/nature01722
http://www.ncbi.nlm.nih.gov/pubmed/12815422
https://doi.org/10.1016/j.fsigen.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27497645
https://doi.org/10.1371/journal.pone.0165678
http://www.ncbi.nlm.nih.gov/pubmed/27802306
https://doi.org/10.1016/j.ajhg.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20817138
https://doi.org/10.1002/humu.24068
http://www.ncbi.nlm.nih.gov/pubmed/32579758
https://doi.org/10.1016/j.fsigen.2021.102595
https://doi.org/10.1016/j.fsigen.2021.102595
http://www.ncbi.nlm.nih.gov/pubmed/34543845
https://doi.org/10.1016/j.fsigen.2019.02.009
https://doi.org/10.1016/j.fsigen.2019.02.009
http://www.ncbi.nlm.nih.gov/pubmed/30776773
https://doi.org/10.1086/342727
http://www.ncbi.nlm.nih.gov/pubmed/12205564
https://doi.org/10.1007/s12024-023-00652-z
https://doi.org/10.1007/s12024-023-00652-z
http://www.ncbi.nlm.nih.gov/pubmed/37266863
https://doi.org/10.1016/j.fsigen.2011.09.005
https://doi.org/10.1016/j.fsigen.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/22005117
https://doi.org/10.1007/s00414-019-02200-3
https://doi.org/10.1007/s00414-019-02200-3
http://www.ncbi.nlm.nih.gov/pubmed/31713677
https://doi.org/10.1002/mgg3.1419
https://doi.org/10.1002/mgg3.1419
http://www.ncbi.nlm.nih.gov/pubmed/32677357
https://doi.org/10.1371/journal.pone.0308535


17. Liu Z, Long G, Lang Y, Liu D, Zhang B, Yu S, et al. Sequence-based mutation patterns at 41 Y chromo-

somal STRs in 2 548 father-son pairs. Forensic Sci Res. 2023; 8: 152–162. https://doi.org/10.1093/fsr/

owad016 PMID: 37621447

18. McNevin D, Edson J, Robertson J, Austin JJ. Reduced reaction volumes and increased Taq DNA poly-

merase concentration improve STR profiling outcomes from a real-world low template DNA source:

telogen hairs. Forensic Sci Med Pathol. 2015; 11: 326–338. https://doi.org/10.1007/s12024-015-9679-3

PMID: 25999132

19. Gibson-Daw G, Crenshaw K, McCord B. Optimization of ultrahigh-speed multiplex PCR for forensic

analysis. Anal Bioanal Chem. 2018; 410: 235–245. https://doi.org/10.1007/s00216-017-0715-x PMID:

29188309

20. Magnuson VL, Ally DS, Nylund SJ, Karanjawala ZE, Rayman JB, Knapp JI, et al. Substrate nucleotide-

determined non-templated addition of adenine by Taq DNA polymerase: Implications for PCR-based

genotyping and cloning. Biotechniques. 1996; 21. https://doi.org/10.2144/96214rr03 PMID: 8891224

21. Jin R, Cui W, Fang Y, Jin X, Wang H, Lan Q, et al. A Novel Panel of 43 Insertion/Deletion Loci for

Human Identifications of Forensic Degraded DNA Samples: Development and Validation. Front Genet.

2021; 12. https://doi.org/10.3389/fgene.2021.610540 PMID: 33777093

22. Taylor D, Biedermann A, Samie L, Pun KM, Hicks T, Champod C. Helping to distinguish primary from

secondary transfer events for trace DNA. Forensic Sci Int Genet. 2017; 28: 155–177. https://doi.org/10.

1016/j.fsigen.2017.02.008 PMID: 28273508

23. Sidstedt M, Hedman J, Romsos EL, Waitara L, Wadsö L, Steffen CR, et al. Inhibition mechanisms of

hemoglobin, immunoglobulin G, and whole blood in digital and real-time PCR. Anal Bioanal Chem.

2018; 410: 2569–2583. https://doi.org/10.1007/s00216-018-0931-z PMID: 29504082

24. Sidstedt M, Rådström P, Hedman J. PCR inhibition in qPCR, dPCR and MPS—mechanisms and solu-

tions. Analytical and Bioanalytical Chemistry. Springer; 2020. pp. 2009–2023.

25. Purps J, Geppert M, Nagy M, Roewer L. Validation of a combined autosomal/Y-chromosomal STR

approach for analyzing typical biological stains in sexual-assault cases. Forensic Sci Int Genet. 2015;

19: 238–242. https://doi.org/10.1016/j.fsigen.2015.08.002 PMID: 26280567

26. Bright JA, Taylor D, Curran JM, Buckleton JS. Developing allelic and stutter peak height models for a

continuous method of DNA interpretation. Forensic Sci Int Genet. 2013; 7: 296–304. https://doi.org/10.

1016/j.fsigen.2012.11.013 PMID: 23317914

27. Schlötterer C, Tautz D. Slippage synthesis of simple sequence DNA. Nucleic Acids Res. 1992; 20.

https://doi.org/10.1093/nar/20.2.211 PMID: 1741246

28. Li J, Luo H, Song F, Zhang L, Deng C, Yu Z, et al. Validation of the Microreader™ 23sp ID system: A

new STR 23-plex system for forensic application. Forensic Sci Int Genet. 2017; 27: 67–73. https://doi.

org/10.1016/j.fsigen.2016.12.005 PMID: 27992828

29. Qu S, Li H, Li Y, Lv M, Yang F, Zhu J, et al. Developmental validation of the Microreader™ 20A ID sys-

tem. Electrophoresis. 2019; 40: 3099–3107. https://doi.org/10.1002/elps.201900221 PMID: 31596501

30. Wang Y, Zhang YJ, Zhang CC, Li R, Yang Y, Ou XL, et al. Genetic polymorphisms and mutation rates

of 27 Y-chromosomal STRs in a Han population from Guangdong Province, Southern China. Forensic

Sci Int Genet. 2016; 21: 5–9. https://doi.org/10.1016/j.fsigen.2015.09.013 PMID: 26619377

31. Wohlfahrt D, Tan-Torres AL, Green R, Brim K, Bradley N, Brand A, et al. A bacterial signature-based

method for the identification of seven forensically relevant human body fluids. Forensic Sci Int Genet.

2023; 65. https://doi.org/10.1016/j.fsigen.2023.102865 PMID: 37004371

PLOS ONE Developmental validation of the AGCU YNFS Y Kit for forensic application

PLOS ONE | https://doi.org/10.1371/journal.pone.0308535 August 9, 2024 15 / 15

https://doi.org/10.1093/fsr/owad016
https://doi.org/10.1093/fsr/owad016
http://www.ncbi.nlm.nih.gov/pubmed/37621447
https://doi.org/10.1007/s12024-015-9679-3
http://www.ncbi.nlm.nih.gov/pubmed/25999132
https://doi.org/10.1007/s00216-017-0715-x
http://www.ncbi.nlm.nih.gov/pubmed/29188309
https://doi.org/10.2144/96214rr03
http://www.ncbi.nlm.nih.gov/pubmed/8891224
https://doi.org/10.3389/fgene.2021.610540
http://www.ncbi.nlm.nih.gov/pubmed/33777093
https://doi.org/10.1016/j.fsigen.2017.02.008
https://doi.org/10.1016/j.fsigen.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/28273508
https://doi.org/10.1007/s00216-018-0931-z
http://www.ncbi.nlm.nih.gov/pubmed/29504082
https://doi.org/10.1016/j.fsigen.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26280567
https://doi.org/10.1016/j.fsigen.2012.11.013
https://doi.org/10.1016/j.fsigen.2012.11.013
http://www.ncbi.nlm.nih.gov/pubmed/23317914
https://doi.org/10.1093/nar/20.2.211
http://www.ncbi.nlm.nih.gov/pubmed/1741246
https://doi.org/10.1016/j.fsigen.2016.12.005
https://doi.org/10.1016/j.fsigen.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/27992828
https://doi.org/10.1002/elps.201900221
http://www.ncbi.nlm.nih.gov/pubmed/31596501
https://doi.org/10.1016/j.fsigen.2015.09.013
http://www.ncbi.nlm.nih.gov/pubmed/26619377
https://doi.org/10.1016/j.fsigen.2023.102865
http://www.ncbi.nlm.nih.gov/pubmed/37004371
https://doi.org/10.1371/journal.pone.0308535

