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AR (probabilistic genotyping software, PGS)
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Table 1 Summary of features and challenges of compound markers
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Table 2 Summary of probabilistic genotyping software
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Table 3 Summary of software for mixture deconvolution using single—cell sequencing

AR A PR A1 TR TR H T H At S Y FORFIR
Demuxlet [’ Tk K1 ZHSNP W scRNA-seq T3 B TR T ik (R 2
Freemuxlet (7] Tk [FIZHSNP T scRNA-seq Dy RS RE A Fa s MEmg A U7V

Vireo [ 1% 3L R 21 SNP T scRNA-seq&scATAC-seq Tt EE A A M 11 2 0 2 PR Y

scSplit [ I 4SNP e scRNA-seq IR0 4 ol RAKS T BT MK 71
Souporcell 17+ 1%L R 4 SNP T scRNA-seq THE R SR

scAVENGERS 7%/ KZIEH 41SNP T scRNA-seq&scATAC-seq IR TR
*mitoSplitter [7¢! LRI SNP e scRNA-seq AN T 0, 5 R A 1) 2504
*MitoSort |77} LR R RSNP W scRNA-seq&scATAC-seq AN 3 Fic B A 2R AR 11 B A
de-goulash %) THERTE NS scRNA-seq&scATAC-seq A& P £ 2R IR 2ah
Souporcell3 %] 12 KR 4SNP T scRNA-seq TR R IR R KRB

*E A



"6 EMUFESEYYIRHR

Prog. Biochem. Biophys. XXXX; XX (XXO

3 KREEXEERNMAR

31 REHFITHFERFIYL

VE ik B agt AL~ U RR S O T A% D MERT, TR
BPF I ARG 32 B T AT 7 S AR |
Fe S AR PR A 1 03 1 () o SHE I 2 AU S5 T bk 5
— R R TTHRE A AT A . DNAmix2021 525548
] BfF 52 4 75 T 24 STRR A DNA (5 LR T 8% (<25
pg) M, PGS YK i HEBR A8 E R . % Tt
fe 7o TRLEORE TR AR 5 AN JE AR R B I AR 5
ST, W EARSERS B PGS JFJEYR 4y, H AT LS
—hrifEs S5 IR TTEE B A A T 22 . IRl Tk
RO ] BERE UCEL TR I DA M RS AT B A R 4
bR, mfilln] e8GR S, Ralg ANTEGE
HERNAERT, {22 AN TR REZ 5 DNA Hf r LRI,
AT AR BEXT B AT RTRRREE” AESRAT I
Pk 25 = AR 2R R R P . A B
FRY], TR AR, A R B AT,
o R RAL S, HX RSN, Bl Tk A
MR S A SRl SR 3¢ B B S Rk 22 S
P, PGS B IRFARE S M T RE 232 2 FisE . 451
Set SRR R 2 . SE e SR R AT
IR, RO BT, BRSNS
ATE AR S A RIS, A 2 SR S 2 AR
FEBURR, FBORNFSLEE BME - UrAa R Eds, dnr
RE = A 4 2 22 SRR LE ™Y, TR RS 5 — %
HERRE S S UEALH I BRR T, RUSR LLZ5 R Be &
VERRSE . BWANEERFAIESRA A
32 PERREHINI LT

BMRTTR , PIZEIR R AR A 22 2 I 7
Az BN SR RO R EOR TR . HIAL BRI A%
OB “TERN AT A S B AR A", U
SR R HES ARSI AE R eV . X
PRI IR, — 07 HME SR T BRI A9 54k
MENL, AEFERILSNMMETCEHTIE. 7
—Jr i, N A AR DNA 5 AR 6.6
pg ', IrEedn i AR 2 DNA Y B R /2 A
AT RUGE R . R DT R ER T BN 1 ) 40 i £
i, Wonl Pl AP B (whole genome
amplification, WGA) DI3R75 & & i) DNA BAR ,
{5 H i F A TR T SRR H IR 5 | W) 3R 6 B =X R
(degenerate oligonucleotide-primed polymerase chain
DOP-PCR) . Z & # 4t " 4 (multiple
MDA) . ZUKiB KFR

reaction,

displacement amplification,

PR ¥ 1% (multiple annealing and looping based
amplification cycles, MALBAC) % WGA K,
Gy A R, 2T A RS B B A
FHo XS HET cSNP UL AR 3 I i ok U3, P33k
AEAZ PR T RNA M= A1, E AR SRAS K R 1Y)
FEAR L3 H 559 1% 5 R X BRIH R M i3 . I
A, T AL PR W 1 B i 7 T X6 [RS8 1) 240 i s
W TCHE X g, iss & bR T8, y-
STR ™| Jel i R A2 0 | g 9 0 ) & PGS
&, AreLiR G

Ji AL PRI AL OB RIS SE T
BFBRATIRA ", DAS AR B8 7 0L X A I 25
RIE M HE LA S s, g
MR R ek . BAER —FF . BT s,
N gkl IR G455, BT it adi e . AR
ZAbIEREE IR G NBSE ISR A el AEf, ik
I3 BASHA E M B 3 0, 52 AR 432 R 0 E A
PR o VB S I v i E LUIR ICDT R 1 e B A 2.
H IR A R0 RE I UK BIAER A iR, TR
WARIAERE A H SHHER AW Uik B . KRB
B AT RS TS ok & Bt HAS[R] Y TRk 4L
TSR A LG AL T BT RS R (Y R 43 O
B, A ERMS L BEPLARAR . RNl
1., PR 22BN > 5 A sk
HECR, (BRSBTS RS
2026 4F Taylor &5 " JF & i 3L T IR B il 28 W 25 119
deepNoC, H&T STR &4 F| B ok & it 1E535
A5 1~10 44 TTRRAE AOREAS B BT A 14 7T 3k 89% .
T T B 0 P AR 1) BTk R A D B A
it #, B A R FEF AL NbClust "' | mclust ' |
HDBSCAN "' 85 0] 5 1o 3153 i A5 5 SR A He e
DURRE B, (EXT A LA SO . XL XA A 8K
e, HAEWOEREAAE — iR 25 . PISHR 7 R A
o HZ TR TR L3R 4.
33 EEXERMNARE

TESEBRZEM T, 3B RN AR I BV A HE
MPEERE, TR AR DR AEARD . TR G R
AL PTHRY SR SRR, A fE A A B
TRBE Y I ATHESE , DL dgeid AR AR B W] 5 1945 73 45
o BHENEELEE TAEFRZAKIESTR, ASLHET
FIRIR G RN BRI i R S e TR B (8]
2). EPXPH-BIRAGDE, HitERAWmE, WAZ
AN EETTRRS, 20X 22 S Al AR 1 25
AT G AL PR PGS H7 53 o AT T HA S AU 1 # i



at

XXXX; XX (XXO

#, % REEVRMEFS KRR EEEZNA <7

®4 AERGIHD RIEHIT LA

Table 4 Comparison of the two deconvolution strategies

o e T
WET o Wb 4> FES
ERRMEE  BRACRANE . . . BB, A R ] ML
AR b B i i oy R
BCRRBEE I S & S R
RN e ek K ek i
el 1 Kl I s DS I B
- S L S T MR T
STHBHRAEE gm0 AN AN R RIS Bt

PRSI IR B R, AT E R “DNA 2
HL-PCR 73 -STR A6 - J5 4k B PGS™ 14 HL L A2
(FIFK “H ML STR-PGS JiAe” )o X Tl PRIH .
PRAE SR 22 Y BEXMERS A, P JEAE S e T RS2
BATEILSIME ., WEREA, 2R E
STR-PGS Jife; USRAT, WAl 7r g4, A
28 E ¥ #%  (linear amplification via transposon
LIANTI) ** 5 5] ¥ K& Al 72 [0 37 1Y

template-directed

insertion,

(primary amplification,

PTA) " 4T WGA, 33X 9 iy 32 76 78 35 39 50 1
FIAEAT KL PRt 232 T T A LAt WGA 5 vE A BT ik
o AL A DNABR S, FFE4T PCR 3 H8 F1
STR A, 46 T+ B8 XEAS A4 B — TTHR 5 STR (Y46
R, O E O IEE 1 MDA MRS b i #G:
HSTR 73784 7 e, BRI X WGA 3K15 1) DNA

PEAT SNPAGIN ,  XoF o mk 5 oA T SR B 2, PR
o £ N S IES

JEHEFPGS

FE-W iR & B

__________________

FHE. REAIRER
SR R

o

_____________________________________________

W, WAL MeREREm BEUE  AEAs

A .. Y WGA 4 g
_,[ﬂu LhER LB 4 ,@]_‘[(LIANTI /PTA)]—.[P(,RJHH ]—.[ STR M) ]

Fig.2 Schematic diagram of the application strategy in forensic practice
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Abstract The deconvolution of contributors from mixed biological samples represents a long-standing core
technical challenge in the field of forensic genetics, as the accuracy of this process directly impacts case
investigation efficiency and judicial fairness. Based on whether the deconvolution relies on software as a
boundary, this paper systematically reviews the two existing types of strategies for deconvoluting mixed
biological samples. (1) Pre-processing strategies based on biological experiments, which achieve physical
separation and independent detection of cells from different sources through microscope-guided single-cell
isolation, or accomplish differentiation prior to detection via specific physicochemical treatments. Among these,
physical separation based on differences in cell morphology mainly employs cell capture techniques characterized
by low-to-medium throughput but high precision, using visualization tools such as microscopes for single-cell

isolation, followed by specialized detection of the isolated cells. Chemical separation based on differences in
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biochemical properties mainly targets different body fluids and can directly link a body fluid to its contributing
source, including differential lysis, as well as coding-region single nucleotide polymorphisms (cSNPs) and some
compound markers. (2) post-processing strategies based on computational biology, which rely on bioinformatics
algorithms to analyze mixed DNA testing data, enabling precise discrimination of contributor components.
Among these, deconvolution based on probabilistic models mainly depends on probabilistic genotyping software
(PGS), currently including software that applies two core algorithms: Markov chain Monte Carlo methods
(MCMC) and maximum likelihood estimation (MLE). While clustering-based deconvolution relies on single-cell
RNA sequencing (scRNA-seq) and single-cell ATAC sequencing (scATAC-seq), in which each cell is labeled with
a distinct barcode, thereby allowing deconvolution of the resulting data and classification of each cell into its cell
population of origin. On this basis, this paper summarizes the academic debates, advantages, and disadvantages of
the two deconvolution strategies, evaluates their applicable scenarios and limitations in forensic practice, and
proposes a graded application strategy based on sample quality assessment, as well as a pathway for the integrated
use of the different deconvolution strategies, taking into account the diverse conditions of forensic exhibits and
limited resources in routine forensic casework: for sperm-vaginal fluid mixed stains, differential lysis is
preferentially adopted to obtain single-source male and female profiles. If same-sex contributors are involved,
PGS is further used for deconvolution. For mixed samples that are conventional in amount and well preserved,
PGS can be used for post-processing deconvolution after routine STR profiling. For mixed samples that are trace,
aged, and poorly preserved, it is necessary to introduce linear amplification via transposon insertion (LIANTI) or
primary template-directed amplification (PTA) for whole genome amplification (WGA) on the basis of isolated
cells, thereby creating conditions for obtaining STR profiles. Finally, this paper looks forward to the future
development of rapid testing instruments for mixed forensic samples and the promising applications of artificial
intelligence in mixture deconvolution: the former includes the integration of microfluidic chips, the field
deployment of portable nanopore sequencing and its combined use with PGS, while the latter includes the
application of artificial intelligence technologies such as deep learning models and multimodal large language
models, aiming to provide a methodological reference for the accurate deconvolution of mixed biological samples.

Key words mixture deconvolution, single-cell isolation, single-cell sequencing, probabilistic genotyping,
forensic genetics
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