Harmonizing the forensic nomenclature for STR loci D6S474 and DYS612
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Abstract
[bookmark: _Hlk139550286]The autosomal STR D6S474 and the Y-chromosomal STR DYS612 have been reported in multiple ways in the forensic literature, with differences in both the bracketed repeat structures and counting of numerical length-based capillary electrophoresis (CE) alleles. These issues often come to light when STR loci are introduced in commercial assays and results compared with historical publications of allele frequency data, or multiple assays are characterized with reference materials. We review the forensic literature and other relevant information, and provide suggestions for the future treatment of each STR.

1. Locus D6S474
1.1. D6S474 in forensic literature
To the best of our knowledge, the first population studies of D6S474 were Zhang et al., 2004 reporting allele frequencies from 113 Chinese individuals (1) and identical allele frequencies in a second 2004 publication from 110 Chinese individuals (2), although no sequence motifs were given. In 2007, Becker et al. (3) published D6S474 as part of a triplex, with population data from 189 German individuals, showing the repeat region structure as a TAGA motif with one intervening TGA (3): [TAGA]5 TGA [TAGA]8–13. In 2008, Hill et al. published D6S474 in a list of 26 “miniSTRs” (4), giving the [AGAT][GATA] repeat motif for D6S474 (5). This repeat structure had been previously cited by Chung et al., 2006 (6) as part of a miniplex evaluation and a 2007 population study (7) of 300 Korean individuals, both referencing a 2006 poster by Hill et al.[footnoteRef:1] which had preceded the Hill et al. publication (3). Herein we use the eponyms “Becker” and “Hill” to refer to these two published D6S474 motifs, respectively. Note that each motif results in a different length-based genotype, where the Becker motif is one numerical allele “shorter” than Hill for the same sequence, as shown in Fig. 1. [1:  available at https://strbase.nist.gov/NIST_Resources/Presentations/2006/Promega2006_Hill.pdf] 


[image: ]
Figure 1. A D6S474 example sequence with the two motifs of sequence bracketing used in forensic literature. The gray upper line is the “Hill” motif and the black lower line is the “Becker” motif. The difference in bracketing affects the length-based allele call, with the Hill motif ([AGAT]5 [GATA]12) counted as a 17 allele and the Becker motif (TAGA]5 tga [TAGA]11) counted as a 16 allele, with the lower-case nucleotides expected and uncounted.

Both Becker and Hill, subsequently published expanded multiplexes including D6S474 (4, 8), and associated population data. Becker described an assay of 14 STRs, and reported allele frequencies based on 524 samples (8). The Hill assay had 25 STRs (4) and a separate report[footnoteRef:2] gave allele frequencies for these loci in 665 samples from three populations.  [2:  available at https://strbase.nist.gov/File_Share/Allele_Frequencies_for_26miniSTRs.pdf] 

Additional studies included D6S474 in various in-house capillary electrophoresis (CE) and massively parallel sequencing (MPS) multiplexes, all stating or appearing to use the Hill motif in corresponding population studies, totaling 2,343 samples. Five D6S474 studies published between 2009 and 2016 were CE-based: a Chinese population study (N=120) used the Hill motif (9), while a Brazilian population study (N=155) (10) omitted any sequence motif, but likely used Hill, citing an associated publication by Hill coauthors (11). A population study from Singapore (N=542) cited Hill (12) and an Italian study (N=100) used the Hill motif (13). A fifth study developed a multiplex with D6S474 (14), using the Hill motif and subsequently published a population study of 610 Polish individuals (15), but this group later switched to the Becker motif using Biotype kits (see below). Three MPS-based population studies appeared between 2018 and 2022 using in-house panels that included D6S474, and all reporting data from China (N=200, N=203, and N=413, respectively) (16-18).
D6S474 has consequently been included in commercial CE and MPS kits, with both the Becker and Hill motifs applied, as detailed in below. Corresponding kit-based D6S474 allele frequency estimates are listed in Supplementary Table 1.
A third motif for D6S474, [GATA] N3 [GATA], was published in 2009 (19). No forensic studies using this motif were identified. The example in Fig. 1 would be counted as [GATA]4 N3 [GATA]12, resulting in a length-based allele call of 16, equivalent to the Becker motif.

1.1.1. Biotype Chimera kits (CE)
To the best of our knowledge, the Humantype Chimera and Humantype Chimera II kits (Biotype, Dresden, Germany), originally called Argus Z (20), were the first commercial assays to include D6S474. These kits then evolved into the current Mentype Chimera CE-IVD kit (Biotype) sold for hemato-oncology and retaining D6S474. The kit manufacturer published the original Becker nomenclature (3) and confirms its use throughout these assays (personal communication). Eight publications of population data between 2006 and 2011 using Chimera kits have been identified (one did not specify the kit, but was later identified as Humantype Chimera (21)), analysing 1,945 individuals altogether (Supplementary Table 1A). An earlier version of the Humantype Chimera kit either did not include D6S474, or the data were not reported (22).

1.1.2. QIAGEN Investigator HDplex kit (CE)
The Investigator HDplex assay (Qiagen, Hilden, Germany), introduced in 2010, was a specific adaptation of the Chimera kit for forensic analysis (21). Accordingly, the manual[footnoteRef:3] for this assay reports the motif as [TAGA]n TGA [TAGA]n (Table 1, page 7), consistent with Becker, where the TGA is expected and uncounted, and Becker et al. (3) is cited as the nomenclature reference for D6S474. Nineteen publications of population data between 2012 and 2022 used this kit, for a total of 8,632 individuals (Supplementary Table 1A). [3:  available at https://www.qiagen.com/us/resources/resourcedetail?id=7d1661bd-a47b-4b19-a882-357a61b48c64&lang=en] 


1.1.3. AGCU 21+1plex kit (CE)
D6S474 is included in the AGCU 21+1plex (AGCU ScienTech Inc., Wuxi, China), with the associated developmental validation published in 2015 (23), without descriptions of the sequence motifs, but citing Hill et al. (4). Also, the 9947A positive control genotypes for D6S474 in AGCU 21+1plex were reported as 14/18, matching those of Hill et al. (4). Therefore, we conclude the AGCU 21+1plex counts repeats in a manner consistent with Hill: [AGAT]n [GATA]n. Twenty-three publications of population data between 2011 and 2020 have been identified using AGCU 21+1, or in one case each AGCU Expressmarker 21+1 and an unnamed AGCU kit, respectively, for a total of 7,068 individuals (Supplementary Table 1A). 

1.1.4. Ningbo Health Gene SureID kits (CE)
Two SureID kits (Ningbo Health technologies, Ningbo, China) targeting D6S474, and using the Hill motif, were identified: SureID 23comp Human DNA Identification kit and SureID 27comp Human DNA Identification kit. Two publications of population data from 2019 have been identified using the discontinued SureID 23comp Human DNA Identification kit for a total of 1,420 individuals (Supplementary Table 1A). The SureID 27comp Human DNA Identification kit is the only currently available kit from this manufacturer that includes D6S474 (personal communication with the manufacturer), and one 2022 publication reports population data (N=312) using this assay under the name STRtyper-27 comp kit (Supplementary Table 1A).

1.1.5. Further CE kits
A kit named DNATyper 25 or Typer25 including D6S474 was issued by the Institute of Forensic Science, Ministry of Public Security, Beijing, China, and used to genotype a total 1,015 individuals in publications from 2019 and 2021, one citing the Hill motif for D6S474 (Supplementary Table 1A). Also, the SF 21+1 Amplification Kit (Sorenson Genomics, Torrance, CA, USA) included D6S474. No publication using this kit has been identified and the motif is currently unknown. 

1.1.6. Thermo Fisher Scientific Applied Biosystems Precision ID GlobalFiler NGS STR Panel v2 (MPS)
[bookmark: _Hlk139484488]The Applied Biosystems Precision ID GlobalFiler NGS STR Panel sequencing assay (Thermo Fisher Scientific, Waltham, MA, USA) was released commercially in 2017 and includes D6S474. The associated Converge software (up to v2.2) reports the motif as [AGAT]n [GATA]n, consistent with Hill. The user manual[footnoteRef:4] for the assay erroneously reports the motif as “GATA/GACA”, which does not align with either Hill or Becker. The manufacturer has been notified of this error (personal communication), but no correction has been implemented at the time of writing. Six publications of population data between 2019 and 2022 used Precision ID GlobalFiler NGS STR Panel v2, (plus a 2017 study using an unnumbered initial version of the kit), for a total of 1,309 individuals (Supplementary Table 1B). [4:  available at https://assets.thermofisher.com/TFS-Assets%2FLSG%2Fmanuals%2FMAN0016129_PrecisionIDSTRIonS5_UG.pdf] 


1.1.7. Further MPS kits
Two additional MPS kits were identified in publications from 2021 that included D6S474, both using the Hill motif. The SeqTypeR24 CASE STR kit (IPE, Beijing, China) and a prototype of the SiFaMPS panel (Academy of Forensic Sciences, Ministry of Justice, Beijing, China) were used to genotype 290 and 50 individuals, respectively (Supplementary Table 1B).

1.2. D6S474 in NIST Standard Reference Materials and the nomenclature discordance
NIST began including D6S474 in SRM 2391 (NIST SRM 2391 Series, “PCR-based DNA Profiling Standard”) certificates with the publication of 2391b in 2008, using the 26-plex miniSTR in-house assay (4) for characterization and following the Hill motif for counting repeats. Although the QIAGEN Investigator HDplex was introduced in 2010, QIAGEN STR amplification kits were not commercially available in the U.S. until 2015; so NIST did not type the HDplex kit on SRM 2391c (released in 2011) and continued to characterize D6S474 with the in-house miniSTR assay and apply the Hill motif. When characterizing samples for SRM 2391d in 2019, QIAGEN STR amplification kits were included for the first time, and the D6S474 discrepancy between the NIST mini-STR assay and the QIAGEN HDplex was identified. As NIST had been reporting D6S474 following Hill in all previous publications and SRM Certificates, and software associated with a commercially available STR sequencing assay was explicitly using the Hill motif, it was decided to maintain this nomenclature in SRM 2391d. However, the Certificate of Analysis for SRM 2391d[footnoteRef:5]5 states: “When typing D6S474 with the Investigator HDplex kit from QIAGEN the resulting allele calls are reported to be one repeat unit less due to a difference in the nomenclature as described in [cites Hill et al. (4, 5) and the QIAGEN Investigator HDplex manual].”  [5: 5 available at https://tsapps.nist.gov/srmext/certificates/2391d.pdf] 

A 2014 publication which evaluated concordance between 454 sequence data and CE data did not detect the difference in reporting D6S474 between Becker and Hill, as authors used the Hill motif for both sequence designation and CE allele counting (24). The discordance at D6S474 between the QIAGEN Investigator HDplex and Ningbo SureID 23comp Human DNA Identification Kit, was reported in 2019 (25), where authors recommended a “careful approach when comparing results or using population databases generated using other kits for SureID 23comp kit profiles.” The first GHEP-ISFG collaborative exercise on forensic applications of MPS reported in 2020 (26), noted the discordance between the QIAGEN Investigator HDplex and the Precision ID GlobalFiler NGS STR Panel v2. Finally, a 2020 study (27), noted the difference in MPS versus CE allele calls at D6S474 in 9947A but was not discussed further. 

1.3. D6S474 nomenclature harmonization
As this locus has been reported differently amongst assays for many years, we suggest the issue should be highlighted in each associated kit user manual and publication, citing this paper for full details. Additionally, the STRAND Working Group (this article’s authorship) highlights the issue in a recent update of the Forensic Sequence STRucture Guide (FSSG) (28) available at https://strider.online/nomenclature (29). The FSSG presents the Becker motif as the historical designation and the basis of the length-based allele, alongside the output of the automated STRNaming method (30), which produces bracketing consistent with Hill. 
For the length-based allele designation (i.e., CE data), we consider the globally most widespread kit for generating samples in investigative and population databases was the Qiagen Investigator HDPlex kit (Supplementary Table). Therefore, the continued use of the Becker length-based allele designation (e.g., GRCh38, allele 16; Control 9947A, genotype 13/17) is recommended to maintain backward compatibility with results from the HDPlex kit. The STRNaming method is recommended for STR sequence bracketing by the ISFG DNA Commission on STR Sequence Nomenclature (31); therefore, in essence, the Hill bracketing (i.e., [AGAT][GATA]) is recommended, but this does not affect the recommendation that the historic Becker length-based allele designation be used for the purposes of the allele number.
We understand it is challenging for manufacturers of kits currently using the Hill length-based designation to change allele calling at this point. We encourage manufacturers to consider database implications for current and future kits and, at a minimum, alert users to this potential issue in database searching and interlaboratory comparison.

2. Locus DYS612
2.1. DYS612 in literature 
DYS612 was first described by Kayser et al. in 2004 (32). The locus is defined as having a repeat range of 25-29, with the “Variable repeat (GenBank strand)” shown as [CCT]5 [CTT]1 [TCT]4 [CCT]1 [TCT]25-29. Thus, it appears this first designation included only the bolded, longest trinucleotide stretch as the repeat range; however, this publication does not contain population data.
DYS612 next appears in a 2010 paper by D’Amato et al. (33), genotyping seven non-core Y-STRs in 279 males across three populations. With regard to DYS612 nomenclature the authors state: “The allele nomenclature for other loci was applied following the recommendations of DNA commission of the ISFG [citing the 2001 and 2006 recommendations (34, 35)]. The published structure for DYS612 is [CCT]5 [CTT]1 [TCT]4 [CCT]1 [TCT]25–29, and to the knowledge of the authors no nomenclature was proposed. We suggest an allele designation to the structure [TCT]4 [CTT]1 [TCT]m as (4 + 1 + m). A similar nomenclature [citing (35)] was applied to the structure reported for DYS544 [citing Kayser et al. (31)].” 
The locus then appears in Ballantyne et al. 2012 (37), in a multiplex of 13 rapidly mutating Y-STRs used to evaluate 909 males. The DYS612 repeat motif is shown as (CCT)5 (CTT)1 (TCT)4 (CCT)1 (TCT)19–31, indicating the bolded portion is variable; but alleles and the allele size range were not detailed (37). Lastly, Ballantyne’s 2014 paper (38) includes the entire region in the repeat count, described as 11+n, in their study of N= >14,000. While DYS612 is not specifically addressed, the authors generally state: “The nomenclature of the RMY-STRs was updated to comply with the guidelines of the ISFG [citing the 2006 recommendations (35)], and to incorporate new variation observed in repeat structures. As such, all data collated were translated to comply with the updated nomenclature. [T]he repeat structure and allele designations used during the project [were] determined in collaboration with Life Technologies and L. Gusmão […].”
The two ISFG DNA Commission recommendations papers from 2001 and 2006 cited above include the following statements relevant to DYS612 nomenclature [2001 (34)]: “alleles should be named according to the total number of the repeat units of the DNA that comprises both variant and non-variant repeats.” And more specifically [2006 (35)]: “The inclusion of non-variant repeats dispersed throughout the amplified region can be a disadvantage in nomenclature standardization since, in forensic genetics, new primers may be designed in order to amplify smaller fragments that may exclude the non-variant repeats. For this reason, repetitive motifs that are not adjacent to the variable stretch and have three or less units and show no size variation within humans or between human and chimpanzees, should not be included in allele nomenclature.”

2.2. DYS612 in commercial assays and NIST Standard Reference Materials
2.2.1. Verogen ForenSeq DNA Signature Prep Kit (MPS)
The only commercial assay to include DYS612 to-date is the ForenSeq DNA Signature Prep Kit (Verogen, San Diego, CA, USA), released in 2015. The associated Universal Analysis Software (Verogen) counts repeats consistent with D’Amato et al. (33), i.e., an allele range six repeats shorter than that published in Ballantyne et al. (38). 

2.2.2. NIST SRM 2391 series, “PCR-based DNA profiling standard”
NIST began including DYS612 in SRM 2391 certificates with the publication of 2391d in 2019, characterized using the ForenSeq DNA Signature Prep Kit. NIST had previously genotyped DYS612 on population samples for inclusion in Ballantyne et al. (38). Prior knowledge of DYS612 and its allele size range highlighted the difference in genotyping between ForenSeq DNA Signature Prep Kit and DYS612 data previously generated. The Certificate of Analysis for SRM 2391d includes the following note: "When typing DYS612 […] with the ForenSeq DNA Signature Prep Kit from Verogen the resulting allele call is reported to be six repeat units less […] due to a difference in the nomenclature as described in [cites (38)]. This issue was reported to Verogen by NIST staff in 2019 (personal communication).

2.3. DYS612 nomenclature update
[bookmark: _Hlk153986256]In the case of DYS612, it is unlikely primer designs exclude the [CCT]5 [CTT]1 sequence from amplification. If [CCT]5 [CTT]1 is excluded from the repeat count and it varies, different ways of reporting this variation among laboratories may create genotype discordancy. Therefore, we conclude it is preferable to include the entire region in the repeat count, as reported in Ballantyne et al. (37), consistent with the ISFG recommendations from 2001 (34) and 2006 (35), the STRNaming (30) output, and consequently the new ISFG recommendations from 2024 (31). As the Verogen Universal Analysis Software currently counts repeats in a manner consistent with D’Amato et al. (33), we suggest sequence reporting should be adjusted or, at a minimum, the issue highlighted in the user manual, citing this paper for full details.

4. Conclusions
As demonstrated in a forensic audit of newly adopted STRs (39), expanding the range of STRs used in forensic assays also requires a thorough check of repeat motifs already described and used in literature and kits for the respective loci. Different motifs used in bracketing might cause ambiguities in reported allelic lengths, as discussed here for D6S474 and DYS612. While in many cases of ambiguity, strictly following nomenclature guidance leads to preferring one specific method for reporting allelic length, consideration should be given to the impact on published data and available software using the other nomenclature alternative(s). This renders decisions more complex; the STRAND group, i.e., the authorship of this article, will continue to offer advice in future updates of the FSSG (28) available at https://strider.online/nomenclature (29) and can be contacted at strseq@nist.gov.
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