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Abstract

The first  next-generation sequencing (NGS) technologies  appeared approximately  ten years  ago,  which has  drastically  al-

tered the methods used in genetic research. Complete genomes are now mapped and released nearly every week at a rate

that is both faster and less expensive than before. The last ten years have seen the development of NGS platforms and metho-

dologies, and sequence quality has increased to the point that NGS is being utilized for human clinical diagnosis. NGS tech-

nologies have also been investigated by forensic genetic laboratories, and in the past year in particular, there has been a little

surge  in  the  number  of  research  publications  and  conference  presentations  addressing  the  forensic  applications  of  NGS.

This review has focused on the NGS in forensic genetics and its application in clinical microbiological cases.
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Introduction

The first technique for sequencing DNA was pub-

lished over twenty-five years after the structure of DNA was

found. This technique included the insertion of chain-termi-

nating dideoxynucleotides that were either fluorescently or

radioactively tagged (previous approach) to accomplish the

sequencing of a DNA strand complementary to the probed

template  strand  [1].  The  sequencing  of  the  fragments  was

then  ascertained  by  size  separation  and  gel  electrophoresis

analysis. The technique, called Sanger-sequencing, was wide-

ly  adopted as  a  "first-generation sequencing"  technique  for

sequencing  small  and  big  genomes,  ranging  from  those  of

bacteria  and  phages  to  humans  [2].  It  improved  further

with  the  advent  of  capillary  electrophoresis.  The  method's

throughput  was  limited  since  it  could  only  assess  one  se-

quencing  reaction  at  a  time.  Next-generation  Sequencing

(NGS)  was  introduced  between  the  years  2004  and  2006

and transformed the biomedical discoveries that resulted in

an  enormous  rise  in  sequencing  the  data  output  [3].   The

concepts and advancements in nanotechnology that made it

possible to sequence individual DNA molecules in massive-

ly parallel were responsible for the notable rise in data pro-

duction. NGS is distinguished by its unique combination of

high throughput  and single-molecule  DNA sequencing ca-

pabilities,  regardless  of  the  sequencing  platform.  Over  the

past several decades, there has been an upsurge in the use of

next-generation sequencing (NGS) technology in clinical di-

agnosis [4].  Three distinct uses of  current NGS technology

may be found in clinical microbiology laboratories: shotgun

metagenomics sequencing, targeted metagenomics sequenc-

ing, and whole genome sequencing (WGS) [5].

Forensic genetics has a lengthy history with DNA

sequencing.  Years  before  the  first  short  tandem  repeat

(STR) assays were created, in the late 1980s and early 1990s;

sequencing  of  mitochondrial  DNA  (mtDNA)  was  assessed

and  used  for  casework.  At  the  time,  restriction  fragment

length  polymorphism  (RFLP)  investigation  was  the  latest

state of the field for human beings [6]. The European DNA

Profiling  (EDNAP)  Group's  mitochondrial  DNA  popula-

tion database project (EMPOP) was started in 1999 to devel-

op an online mtDNA database containing high-quality mtD-

NA  population  data  and  a  common  forensic  standard  for

mtDNA sequencing [7].

Sequencing  was  accomplished  by  the  Sanger

dideoxynucleotide  (ddNTP)  chain  termination  technique,

where the insertion of a ddNTP to a developing DNA chain

halted further extension by the DNA polymerase. Complete

genome sequencing became feasible with the advent of fluo-

rescently  labelled  ddNTPs  and  capillary  electrophoresis

(CE) technologies, which improved throughput and sensitiv-

ity while bringing down the cost of Sanger sequencing [8].

According to [9] in 1996, real-time sequencing al-

ternatives  to  Sanger  sequencing  emerged,  notably  pyrose-

quencing.  This  method  utilized  the  release  of  pyrophos-

phate during DNA synthesis to drive a cascade of enzymatic

reactions  involving  ATP  Sulfurylase,  Luciferase,  and

Apyrase,  producing  detectable  light  in  real-time.  By  elimi-

nating the need for electrophoresis, pyrosequencing offered

a  faster  and  more  cost-effective  alternative  to  traditional

methods.  Despite  these  advantages,  its  short  sequencing

lengths  and  limited  multiplexing  capabilities  posed  chal-

lenges,  particularly for analyzing the small  DNA quantities

typical of trace samples [10].

Although  pyrosequencing  itself  did  not  achieve

widespread adoption, it introduced critical innovations—re-

al-time observation of sequencing events and enzymatic sig-

nal generation—that underpinned the development of NGS

technologies.  The  first  high-throughput  sequencer,  the

Genome Sequencer  20  from 454  Life  Sciences,  applied  py-

rosequencing  to  sequence  the  human  genome  within  five

months at a fraction of the cost of the Sanger method [11].

This  breakthrough  marked  a  pivotal  shift  towards  high-

-throughput  sequencing  systems  that  could  generate  mas-

sive  datasets  more  efficiently.  Subsequent  technologies,

such as Solexa (later acquired and renamed Illumina), lever-

aged  these  foundational  principles  to  create  scalable  plat-

forms capable of handling diverse applications, from whole-

genome  sequencing  to  transcriptomics  and  metagenomics.

These advancements transformed DNA sequencing from a

labor-intensive task into an accessible, high-speed tool that

drives modern research and clinical diagnostics [12].

Evolution of Sequencing Technologies

In the past 60 years, sequencing technologies have

expanded quickly, beginning with first-generation sequenc-

ing  and  progressing  to  third-generation  sequencing  tech-
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nologies  at  present.  First-generation  sequencing  began  at

the  same  time  that  Frederick  Sanger  and  the  collaborative

team of Allan Maxam and Walter Gilbert revealed their pro-

cedures for sequencing DNA [13]. When scientists assessed

pyrophosphate production using luminescence to ascertain

the  nucleotide  sequence  rather  than  using  radiolabeled  or

fluorescently  labeled  nucleotides,  the  second  generation  of

sequencing  technologies  was  born.  A  large  parallel  of  se-

quence  reactions  could  occur  because  of  the  technique

known as "pyrosequencing" and the equipment designed to

carry it out increases the amount of DNA that could be se-

quenced in a single run. Additional techniques for sequenc-

ing in parallel developed over time [14]. Each solitary origi-

nal flow-cell binding DNA strand is bound; a solid phase po-

lymerase chain reaction (PCR) creates clusters of clonal pop-

ulations  from  it.  Compared  to  previous  second-generation

methodologies,  this  paired-end  data  gives  more  informa-

tion,  better  accuracy,  and  lower  background  noise  [15].

Nowadays, the advancement of second- and third--

generation  sequencing  has  significantly  transformed  both

clinical microbiology and forensic genetics.  In clinical sett-

ings,  the  shift  from traditional  culture-dependent  methods

to metagenomics sequencing has allowed to make the rapid

and comprehensive pathogen detection, even in polymicro-

bial infections or low-biomass samples. For example, whole

genome  sequencing  (WGS)  has  been  pivotal  in  tracking

antibiotic resistance genes and understanding bacterial phy-

logenetics in outbreak scenarios.

In  forensic  genetics,  advancements  in  sequencing

technologies have enhanced the ability to analyse degraded

DNA samples, which was previously unattainable with first--

generation methods. Techniques such as sequencing-by-syn-

thesis  have  been  employed  to  reconstruct  genetic  profiles,

aiding in solving long-standing criminal cases and establish-

ing familial relationships.

Microbial Whole Genome Sequencing

The  method  of  sequencing  and  assembling  a  mi-

crobiological  organism's  genome  of  interest  is  known  as

whole genome sequencing or WGS. For organisms that are

hard  to  grow  or  cannot  develop  in  culture,  this  is  a  cons-

traint.  WGS is  used for viral  genomes by directly  sequenc-

ing the material to identify the desired viral genome [16].

WGS may be used to identify an organism, type an

organism  for  epidemiological  purposes,  and  find  potential

antibiotic resistance in an organism by culturing and isolat-

ing the microbe. The first steps in the identification of cul-

tured bacteria can be identified using standard clinical  mi-

crobiology techniques such as basic morphological observa-

tions,  biochemical  tests,  and  matrix-assisted  laser  desorp-

tion-ionization  time-of-flight  mass  spectrometry  (MALDI-

TOF MS), which is still much faster and more accurate than

WGS. Although MALDI-TOF MS can now distinguish be-

tween these two Enterococcus species rather well, this is a se-

vere illustration of why genus identification is not always

enough [17]. The extremely common ST-452 lineage, which

is associated with clonal complex CC23 and has been report-

ed from many nations, is of interest. The initial event and

founder strain of ST-452 may have resulted from a single

gene transfer between the hyper virulent CC17 lineage and

CC23, according to WGS and phylogenetic analysis of the

core  genome  [18].  In  certain  instances,  more  fastidious

pathogens, like Mycobacterium chimaera, cause epidemics

in hospital settings. In these scenarios, WGS is utilized for

both identification and epidemiologic tracking of the picky

organisms.  After  these  M.  chimaera  isolates  were  se-

quenced, it was discovered that there was a genetic and epi-

demiological connection between the infections and the wa-

ter heater-cooler units that these patients had undergone

cardiac operations [18].

Metagenomics Sequencing from direct Sample

One significant benefit of using metagenomics se-

quencing straight  from a clinical  sample  when considering

the  future  of  next-generation sequencing  (NGS)  in  clinical

microbiology  is  the  removal  of  the  need  for  culture.  This

can significantly speed up response times and give medical

professionals  answers  more  quickly.  To  identify  pathogens

directly  from  a  clinical  sample,  two  distinct  NGS  metage-

nomics sequencing techniques may be applied.

First, certain pathogen primers are added to the ex-

tracted  DNA  to  amplify  the  desired  group  of  pathogens

(such  as  bacteria  or  fungi)  or  a  single  pathogen of  interest

(such as HIV, or SARS-CoV-2). This enrichment method is

called deep amplicon or focused sequencing.
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Targeted Sequencing

Targeted  sequencing  is  a  sequencing  technique

where an organism or a subset of organisms of interest are

subjected to a selection or enrichment procedure, either be-

fore or after the library creation step (Figure 1).  The bene-

fits of all these techniques include less interference from hu-

man DNA and increased sensitivity  of  detection in sample

types  containing  high  concentrations  of  human  cells  (e.g.,

tissue  or  sputum)  [47].  The  number  of  infections  that  can

only  be  detected  using  these  focused  sequencing  technolo-

gies is its main drawback. Both second and third-generation

technology  platforms have  been  used  to  carry  out  targeted

sequencing straight from samples [19].

Figure 1: a) Whole Genome Sequencing: The starting is from creating a microorganism colony. DNA is extracted, fragmented,

and stored in a library for Sanger sequencing or other NGS procedures. The library is sequenced and examined using bioinfor-

matics pipelines. (b) Targeted Sequencing: This procedure starts with a clinical sample and involves selection or enrichment be-

fore library preparation for bacteria and fungus. If the pathogen of interest is a virus, selection or enrichment takes place follow-

ing library preparation. After library preparation, materials are sequenced and analyzed using a bioinformatics process [22].

Deep  amplicon  sequencing  is  another  name  for

PCR amplification in targeted sequencing. Advancement in

PCR technique that provides deeper coverage of the target-

ed  gene  or  genes  is  deep  amplicon  sequencing  [20].  For

deep  amplicon  sequencing  with  both  bacterial  and  fungus

identification, several labs have verified and deployed LDTs;

one  group  even  demonstrated  a  helpful  process  to  include

both. Furthermore, the utilization of 16S deep amplicon se-

quencing has facilitated the identification of more challeng-

ing species, such as bacteria carried by ticks, which are often

undetectable by traditional bacterial culture [21].

Shotgun Metagenomics Sequencing

Shotgun  metagenome  sequencing  is  a  technique
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that,  in  contrast  to  targeted  sequencing,  casts  a  larger  net

since every nucleic acid in a sample is sequenced (Figure 1).

Almost all pathogens, including bacteria, fungi, viruses, and

parasites, can be detected with a single test thanks to whole

genome  sequencing.  Sequencing  has  been  shown  effective

in  identifying  infections  from  a  wide  range  of  material

types, including typically sterile sources like joint fluid and

CSF blood [23]. Furthermore, it has been shown to assist in

the  identification  of  an  infectious  agent  in  specimen  cate-

gories,  such  as  respiratory  tract  specimens,  when  a  docu-

mented  microbiome  is  present.  Urine  and  gastrointestinal

specimens.  This  methodology  has  been  applied  as  an  LDT

in several laboratories, which function as patient clinical ref-

erence testing centres [24]. The first is a comprehensive me-

tagenomics sequencing test of CSF offered by the University

of  California,  San  Francisco  (UCSF)  clinical  microbiology

laboratory, which is CLIA-certified. With a clinical sensitivi-

ty and specificity of 73% and 99%, respectively, this test has

an overall accuracy of 90%. Numerous case reports, includ-

ing those involving Taenia soliuminfection, West Nile virus,

and neuro brucellosis, demonstrate the diagnostic value of

this test in situations where all other conventional diagnos-

tic testing was negative. Compared to the traditional direct

detection testing of CSF (culture, antigen testing, or quick

molecular approaches), the shotgun metagenomics CSF test

detected a higher number of infections [25].

The Fundamentals of NGS: Forensic Insights

Some  NGS  systems  are  so  powerful  that  the  se-

quencing assay's  goal  could be as  simple as  sequencing ev-

ery  double-stranded DNA molecule  present  in  the  sample.

Shotgun sequencing sometimes referred to as RNA sequenc-

ing  or  RNAseq,  may  provide  an  RNA  sequencing  or

RNAseq gene expression profile if the sample material is cD-

NA [26].

The alternative to shotgun sequencing is common-

ly referred to as targeted (re-) sequencing. It  starts with an

enrichment  stage  in  which  the  selected  sections  are  either

amplified by PCR, captured using probes, or captured using

a mix of enzymatic processes and probes. The probes can ei-

ther be biotinylated and combined with their targets in solu-

tion, or they can be affixed to a solid surface (like a slide or

a bead). In either case, the goal is to remove the undesirable

DNA fragments and capture the chosen genomic areas. Af-

ter that, the DNA is extracted and put to use in sequencing

[27,28]. The businesses listed above also provide services for

creating personalized panels that the customer specifies for

certain tasks or objectives. The main benefit of capture ap-

proaches is that the areas of interest receive the majority of

the sequencing capacity. While probe-based approaches usu-

ally  require  50–500 ng of  DNA per  multiplex  reaction,  the

PCR-based capture method is among the most sensitive and

only needs <10 ng. On the other hand, the number of multi-

plexing capabilities limits PCR-based catches (with the Ion

AmpliSeqTM technology,  up to 6144 amplicons) [48].  The

DNA  fragments  are  utilized  to  create  a  library  after  it  has

been ready for capture or shotgun sequencing. One or two

PCR reactions  in  which the  PCR primers  are  labelled  with

sequences required for the subsequent reactions are used to

build  the  library,  or  adapters  can  be  ligated  to  the  frag-

ments. Certain sequences for the clonal amplification of the

library,  target  sequences  for  the  NGS  reaction,  a  key  se-

quence of 4–8 nucleotides are used for NGS reaction quality

control, and a 6–10 nucleotide barcode for sample identifica-

tion  may  be  included  in  the  adapters  or  PCR  primer  tags

[29].

NGS in Forensics Genetics

A forensic  geneticist  is  fascinated by  the  prospect

of  sequencing  every  DNA  molecule  present  in  the  sample.

These scientists are accustomed to overcoming the difficul-

ties  of  extracting  meaningful  information  from  trace  sam-

ples, which frequently comprise DNA from many contribu-

tors.  Shotgun  sequencing,  however,  is  inapplicable  for

much  forensic  evidence  and  necessitates  micrograms  of

DNA [30]. Furthermore, since the shotgun experiment gen-

erates  sequences  from  random  locations  in  the  genome

rather  than  targeting  specific  targets,  replication  could  be

hard.  As  a  result,  two  shotgun  sequencing  trials  using  the

same  sample,  for  example,  a  reference  sample  from  a  sus-

pect  and  a  trace  sample  will  produce  different  outcomes.

Studies comparing platforms have shown that 20% of SNPs

and 80% of insertions/deletions (indels) called by one plat-

form could  not  be  replicated  by  typing  the  identical  mate-

rial on another [31]. A significant amount of the discrepan-

cies  was  due  to  systematic  mistakes  brought  about  by  the

various  alignment  and  variant  calling  techniques,  or  they
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were seen in areas with little to no sequencing depth for one

or  both  platforms.  Some  NGS  systems  have  enormous  ca-

pacities,  yet  they  can  barely  sequence  genomes  larger  than

the size of the genome of a human being, and in most shot-

gun  sequencing  operations,  only  a  small  fraction  of  the

genome  is  covered  by  many  reads  [32].

Ultimately, in the majority of forensic genetic cas-

es, where the main goal is to determine the identity of the in-

dividual  or  individuals  contributing to  the  sample  and po-

tentially estimate any phenotypical characteristics of the in-

dividual(s) or identify the specific tissue type(s) in the sam-

ple,  whole  genome  sequencing  seems  excessive.  This  calls

for  comparatively  few  markers,  therefore  a  capture-based

strategy will use less sample material and be far more cost--

effective. These days, PCR-CE is used to type the key foren-

sic markers. Individual tests are available for autosomal, Y-

chromosome,  X-chromosome,  indels,  mtDNA,  autosomal,

and Y-chromosome SNPs, as well  as phenotypical,  mRNA,

ancestry  informative  markers  (AIMs),  and  other  forensic

markers [33]. While NGS requires at least two to three days,

PCR-CE may be completed in a single workday. However, if

a capture for the pertinent loci can be developed, then one

of the main benefits of NGS is the ability to integrate all or

most of the PCRCE tests into a single NGS assay.

However, creating a combined multiplex PCR will

be extremely challenging due to the wide diversity in target

copy  counts  [34].  It's  crucial  to  remember  that  genomic

DNA  should  not  be  included  in  cDNA  analysis  and  that

semi-quantitative mRNA sequencing is required for sample

tissue  identification.  Nevertheless,  before  building  the  li-

brary  (using  adaptor  ligation  or  the  second  PCR),  it  could

be able to combine PCR results from distinct PCR captures

of nuclear DNA, mtDNA, and cDNA. Or, more frequently,

to  combine  libraries  of  cDNA,  mtDNA,  and  DNA  before

clonal  amplification.  In  this  manner,  all  pertinent  markers

ought to be able to be sequenced in a single sequencing pro-

cess.The  information  gleaned  from  mRNA  and  mtDNA  is

not always required, and the case officer must process all se-

quencing data if it is generated, even if the data is unrelated

to the case, so it is unclear if this is a workable solution for

casework [35. Therefore, it will be preferable to use versatile

NGS  systems  for  a  variety  of  scenarios,  including  assays

with  a  large  number  of  markers  [36].

STR Sequencing

Because there are sizable national DNA databases

containing STR profiles from criminal offenders and price-

less trace samples from past cases, STRs are and will remain

crucial to crime casework. As a result, the essential STR loci

need to be able  to be sequenced by any NGS assay created

for forensic genetics. Though repeats make up about half of

the  human genome and STRs alone  15%,  repeats  have  not

received as much attention as SNPs, minor indels, and copy

number changes in NGS research [36]. The majority of in-

struments' read lengths were too short to cover many repeat

structures  in  the  years  after  the  introduction  of  the  first

NGS platforms, making it challenging to align reads contain-

ing repeating sequences and frequently leading to their dis-

regard.  The  majority  of  forensic  literature  using  NGS  STR

data was created using pyrosequencing technology as these

platforms were the only ones with long enough read lengths

to sequence the fundamental STR loci utilized in forensic ge-

netics.  Sequencing  via  synthesis  and,  more  recently,  semi-

conductor sequencing was employed in a few publications.

Direct  PCR  or  adapter  ligation  was  used  to  create  the  li-

braries. The real variance of STR loci is revealed by sequenc-

ing, as opposed to fragment length analysis using PCR-CE.

While sequencing of simple STRs has shown few novel alle-

les,  NGS  of  mostly  complex  and  compound  STRs  has  re-

vealed  previously  unidentified  STR  alleles  as  well  as  in-

creased  overall  variability  [37].  Additionally,  sequence

variants  can  be  discovered  in  the  areas  around STRs,  such

as the rs6736691 SNP next to D2S1338. Two families of SN-

P-STR haplotypes and a two-fold increase in the number of

SNP-STR alleles can be produced by a single SNP with a mi-

nor allele frequency of a suitable size [37].

Commercial kits of NGS for forensic genetics

The HID-Ion AmpliSeq TM Identity Panel, which

amplifies  124  autosomal  SNPs,  including  the  majority  of

SNP for ID and Individual Identification SNPs (IISNPs), as

well as 34 Y-chromosome SNPs, was introduced by Thermo

Fisher Scientific in 2014 and is intended for use with the Ion

PGM TM System. Additionally, the HID-Ion AmpliSeq TM

Ancestry Panel, which includes the majority of the Ancestry

Informational  indicators  (AIMs)  in  the  Seldin  [38]  and

Kidd laboratory selection panels [39], is intended for use in
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ancestry estimation.

Creating  a  forensic  NGS  tool  for  sequence  data

processing and reporting will be one of the main difficulties.

It is not feasible to manually evaluate the sequences or even

each  genotype  call  with  NGS  data.  Therefore,  before  they

can  be  utilized  in  actual  casework,  the  software  solution

needs to be totally reliable and evaluated fully [45]. Software

tools for kit analysis have been developed by Thermo Fisher

Scientific and Illumina1, but they are not advanced enough

for forensic genetics. Distinct laboratories have traditionally

specified distinct analysis parameters based on internal vali-

dation  studies  and  different  accreditation  requirements

[40]. It is widely known that different loci need different cri-

teria for analysis. Estimating bio-geographic ancestry, mtD-

NA haplogroups, Y-chromosome haplogroups, tissue identi-

fication,  and  phenotypes  should  also  be  done  using  future

software  modules.  Additionally,  the  software  algorithms

must be thoroughly explained in the user manual or scientif-

ic publications. The assessments need to apply to the ISFGs

and other comparable forensic standardizing groups' recom-

mendations [41].

New aim of NGS in forensic genetics

NGS allows forensic genetic studies to be expand-

ed into new forensic medicine-related domains in addition

to the examination of traditional forensic markers. Shotgun

or exome sequencing may be able to uncover genetic varia-

tions  linked  to  recognized  illnesses  in  cases  of  unexpected

and  unexplained  death,  helping  the  pathologist  determine

the  cause  of  death.  Sudden  unexpected  cardiac  arrest  is

thought to be the cause of 20% of deaths in Denmark, and

even after  an autopsy,  one-third of  these cases  are  still  un-

solved. Many of these people are thought to have a genetic

illness,  and variations linked to the disease could be found

through the sequencing of certain genes [42].  Genetic test-

ing can help identify relatives who share a genetic problem

and start treating them, in addition to increasing the diagno-

sis rate and providing valuable information for research on

heart disorders. Similarly, NGS may be employed to screen

for  variations  in  genes  implicated  in  specific  drug

metabolism and to support toxicology examinations of a de-

ceased individual  to  determine if  an unexpected death was

intentional or unintentional. Additionally, it will be feasible

to  examine  the  DNA  of  the  deceased's  bacteria,  viruses,

phages,  and  fungus  to  either  identify  the  microorganisms

that cause the disease or search for imbalances in the micro-

bial  communities  that  can  provide  information  about  the

cause of death [43. Furthermore, it was shown that just 50%

of  the  microbiome  diversity  was  shared  by  samples  that

were obtained simultaneously, a few meters away. However,

there  was  a  lot  more  variety  between  the  sample  locations

[44].

Challenges  and Advancements  in  Clinical  NGS and
Human Identification

Next-generation sequencing (NGS) has revolution-

ized molecular diagnostics, yet we face many challenges, es-

pecially in the context of mixed infections or rare pathogens

in clinical environment. Mixed infections often involve mul-

tiple  pathogens  that  might  vary  and  are  widely  in  abun-

dance  and  genetic  similarity.  In  such  cases,  the  interpreta-

tion of sequencing data becomes complex, and it require so-

phisticated bioinformatics tools to distinguish among over-

lapping genomic signatures. One more problem is faced by

rare pathogens. Rare pathogens further complicate diagnos-

tics due to limited reference databases and the potential for

novel or uncharacterized genetic variations. The identifica-

tion  of  multidrug-resistant  organisms  (MDOs)  using  NGS

has been a major recent achievement, providing precise in-

sights into resistance mechanisms and guiding targeted ther-

apies. For example, metagenomic approaches have been suc-

cessful in identifying drug-resistant Klebsiella pneumoniae

and Acinetobacter baumannii strains directly from clinical

samples,  bypassing  the  need  for  culture-based  methods 
[49].

When  comparing  NGS  to  conventional  human

identification  techniques  like  PCR-based  capillary  elec-

trophoresis (PCR-CE), significant differences arise in terms

of  cost,  time,  and efficacy.  PCR-CE remains  the  gold stan-

dard for targeted analyses due to its affordability and rapid

turnaround time, particularly in resource-constrained foren-

sic contexts. However, it is limited by its inability to analyse

highly  degraded  samples  or  detect  novel  allelic  variations.

NGS, on the other hand, offers unparalleled depth and reso-

lution,  enabling  simultaneous  analysis  of  multiple  loci,

which is critical for cases involving mixed DNA profiles or
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degraded  samples  often  encountered  in  forensic  investiga-

tions [50].

Despite its advantages, the adoption of NGS in rou-

tine  forensic  casework  is  hindered  by  high  upfront  costs

and  the  need  for  specialized  expertise.  Nevertheless,  ad-

vances in sequencing platforms and streamlined workflows

are  closing  these  gaps.  The  incorporation  of  hybrid  ap-

proaches,  where  PCR-CE  is  used  for  initial  screening  fol-

lowed by NGS for detailed analysis, is a perfect example of a

cost-effective strategy. Studies have shown that while PCR-

CE can quickly confirm human identity markers, NGS can

provide additional  data  on ancestry,  phenotype prediction,

and even microbial signatures associated with the sample.

NGS  in  Forensic  and  Microbiology:  A  Game
Changer

Now,  let’s  talk  about  some  applications  of  NGS.

The  application  of  next-generation  sequencing  (NGS)  in

forensic genetics and clinical microbiology has transformed

these  fields  by  making  precise  and  depth  of  analysis.  In

forensic  genetics,  NGS  provides  enhanced  capabilities  for

analysing complex DNA samples, including highly degrad-

ed or mixed profiles, which are common in criminal investi-

gations and disaster victim identification. Unlike conventio-

nal  methods  such  as  PCR-based  capillary  electrophoresis

(PCR-CE), NGS can simultaneously examine multiple genet-

ic loci and even mitochondrial DNA, offering a comprehen-

sive view of genetic material in a single run. This capability

allows  for  the  detection  of  rare  or  novel  alleles,  ancestry

markers,  and  phenotype  predictions,  which  can  be  critical

in forensic cases [49].

In  clinical  microbiology,  NGS has  proven  invalu-

able for pathogen detection and characterization, particular-

ly for multidrug-resistant organisms (MDOs) and rare infec-

tious agents. By enabling whole-genome sequencing (WGS)

and  metagenomic  analyses,  NGS  facilitates  the  identifica-

tion of  pathogens directly  from clinical  samples,  bypassing

traditional  culture  methods.  This  is  particularly  beneficial

in diagnosing mixed infections or identifying novel strains,

providing  actionable  insights  for  antimicrobial  resistance

(AMR)  profiling  and  treatment  strategies  [47].  NGS  thus

bridges a gap in both fields, supporting researchers and prac-

titioners with data-rich, cost-effective solutions that drive in-

novation in diagnostics, epidemiology, and forensic investi-

gations.

Conclusion

High throughput sequencing has boosted research

in several fields of biology and applied sciences. The utility

of  NGS  in  forensic  genetics  has  been  contested  in  recent

years.  However,  applications  for  human  identification  and

phenotyping are  increasingly  emerging.  NGS offers  several

benefits over standard PCR-CE procedures, making it a like-

ly future implementation in forensic laboratories. Although

commercial enterprises and forensic laboratories have start-

ed  the  process,  the  present  software  solutions  have  not

evolved  enough.  However,  there  are  many  tools  or  frame-

works that have potentially equal or better effectiveness. Th-

ese  are  Global  Microbial  Identifier  which  is  a  platform for

genomic  epidemiology,  allowing  worldwide  collaboration

on the storage,  analysis,  and comparison of  whole-genome

sequences  of  microorganisms.  It  supports  pathogen  track-

ing  and  outbreak  investigations  by  integrating  metadata

and genomic data. Some other tools like Shovill and SPAdes

are effective for genome assembly. Shovill provides faster as-

sembly by optimizing Spades for larger datasets, commonly

used for microbial genomics. Spades itself is a robust assem-

bler for bacterial and viral genomes and has been enhanced

for metagenomic applications [49].

High throughput sequencing has made significant

progress in the past decade and is expected to continue. Im-

proved sensitivity may lead to the replacement of PCR with

probe  capture  technologies.  Single-molecule  sequencers

may eventually  replace NGS platforms if  new signal  detec-

tion benchmarks are created and base call error rates are de-

creased to acceptable levels.
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