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Abstract: Haplotype plays a vital role in diverse fields; however, the sequencing technologies cannot
resolve haplotype directly. Pioneers demonstrated several approaches to resolve haplotype in the
early years, which was extensively reviewed. Since then, numerous methods have been developed
recently that have significantly improved phasing performance. Here, we review experimental
methods that have emerged mainly over the past five years, and categorize them into five classes
according to their maximum scale of contiguity: (i) encapsulation, (ii) 3D structure capture and
construction, (iii) compartmentalization, (iv) fluorography, (v) long-read sequencing. Several subsections
of certain methods are attached to each class as instances. We also discuss the relative advantages and
disadvantages of different classes and make comparisons among representative methods of each class.
Keywords: haplotype; haplotyping; phasing; next generation sequencing

1. Introduction
Haplotyping has been a crucial issue in genetic research and clinical medicine over the past
decades [1–3]. In genetics, haplotypes refer to the sequences of genetic variants that belong to a single
chromosome. The process of assigning variants to corresponding haplotypes is termed phasing or
haplotyping. Although the diploid nature of human genomes was discovered more than 50 years
ago [4], researchers had not been aware of the significance of the haplotype until DNA sequencing was
widely applied. Haplotypes can provide more information than unphased genotypes in diverse fields,
such as identifying genotype-phenotype associations [3,5,6], exploring pharmacology and genetic
diseases [7–9], and elucidating population structure and histories [10–13].
In the early stages, assisted by chromosomal fluorescence in situ hybridization (FISH) or
long-range polymerase chain reaction (PCR), only targeted haplotyping of specific haploid loci was
achievable [1,14,15]. The exploitation of large-insert clones by bacterial artificial chromosomes (BACs)
enabled the Human Genome Project [16,17] to contain extensive haplotype information. The first
phased personal diploid genome, known as HuRef, also adopted BAC and mate-paired Sanger
sequencing reads [18]. With the advent of next-generation sequencing (NGS), the decreasing cost
and soaring throughput makes this a cost-effective approach for haplotyping. However, the short
reads of NGS find it difficult to cover more than one heterozygous variant, which makes it difficult
for them to assist phasing. Only if heterozygote variants were covered within one read or a pair of
reads could haplotype linkage be constructed. Even facilitated by paired-end libraries, the maximum
length of linkage is only 3.5 kb [19]. To overcome this limitation, several experimental techniques have
been developed. Although some inferential methods can estimate haplotypes based on population
data or pedigree, they were elaborately reviewed before [20]. Moreover, to fully and accurately phase
genomes, the assistance of experimental methods is inevitable.
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Here, we mainly review the experimental methods developed in the past five years, and evaluate
their relative advantages and disadvantages. According to their maximum linkage range from large to
small, we categorize them into five classes: (i) encapsulation, (ii) 3D structure capture and construction,
(iii) compartmentalization, (iv) fluorography, (v) long-read sequencing. Each class is named according to
its principle. In encapsulation methods, chromosomes are packaged into haploid units to obtain haplotype
information. The methods of 3D structure capture and construction construct linkage between two distant
genomic loci by the structure of chromosome. In compartmentalization, long intact DNA fragments are
compartmentalized into massive parallel pools by limiting dilution. Fluorography uses fluorescent dye to
label SNPs, which are then imaged by high resolution fluorescence microscopy. The methods of long-read
sequencing include some innovated sequencing approaches that are able to directly phase haplotype
by their long reads. Several subsections of certain methods are attached to each class as an example.
Although some new sequencing strategies, such as genome mapping and long-read sequencing, cannot
resolve haplotypes independently, they are included because of their novelty.
2. Encapsulation
As the human chromosomes naturally encapsulate haploid homologues, directly sequencing
DNA of separate chromosomes can be a straightforward way to generate haplotypes. Methods
based on encapsulation make use of the packaged haploid information in single chromosomes.
Some of them separate homologous chromosomes using sophisticated devices [21–24] or the procedure
of meiosis [25–27]. Another approach developed recently differentiates template strands of sister
chromatids during mitosis [28]. All these methods can obtain chromosome-length haplotypes
before DNA extraction, but they are restricted by their need for specialized instruments, laborious
experimental operation or the requirement for an intact single cell.
2.1. Chromosomes Separation
In the early stages, exploiting encapsulated haplotype mainly focused on artificially separating
homologous chromosomes. Considering the minute size of a chromosome, sophisticated devices
were usually required. Laser capture microdissection [21], microfluidic sorting devices [22],
and FACS-mediated single chromosome sorting [23] were designed in succession to sort the desired
chromosomes. Once the separated chromosomes are harvested, PCR or multiple displacement
amplification (MDA) is inevitable in consideration of the trace content of DNA.
After meiosis, the human gamete contains only one set of homologous chromosomes, which can
be an ideal material for studying haplotypes. However, due to technological challenges of performing
single-cell genome analysis [29–31], whole genome sequencing of single gametes was not fully achieved
until 2012. Wang et al. [24] reformed their microfluidic chromosome sorting device [22] and performed
parallel analysis of many individual sperm. Although bias and errors of amplification were introduced
by MDA, the limited reaction volume in each microfluidic channel reduced them, thus mitigating the
problem. Lu et al. [25] used Multiple Annealing and Looping Based Amplification Cycles (MALBAC) to
amplify DNA extracted from single sperm. The MALBAC technique was reported to exhibit a higher
uniformity of genome coverage than MDA [32]. Hou et al. [27] also used MALBAC-based sequencing
technology to phase genomes by single human oocytes. Oocytes, which require invasive surgery to
extract, are more challenging to retrieve than sperm cells. For all the above-described methods, the uneven
uniformity still limits the scale of haplotypes. In most cases, haplotypes obtained from human gametes
were incomplete unless they are sequenced deeper or acquired by other assisting methods. Moreover,
meiotic recombination can result in false phasing of the somatic genome. Although this could be resolved
by sequencing massive single gametes in parallel, extra DNA library construction would increase the cost.
2.2. Single-Cell DNA Template Strand Sequencing
Single-cell DNA template strand sequencing (Strand-seq) was first reported by Falconer et al. [33]
to map DNA rearrangements at high resolution. This method achieves identification of template
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3. 3D Structure Capture and Construction
DNA is not only the unidimensional sequence that provides information about heredity and
variation. The 3D structure of DNA in chromosomes may contain more physical and biological
information. The crosslinking between protein and DNA forms proximity ligation. Two distant
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Selvaraj et al. [35] performed proximity-ligation by Hi-C protocol to reconstruct whole-genome
Selvaraj et al. [35] performed proximity-ligation by Hi-C protocol to reconstruct whole-genome
haplotypes in vivo in 2013, which is termed HaploSeq. The cross-linked DNA was digested with a
haplotypes in vivo in 2013, which is termed HaploSeq. The cross-linked DNA was digested with a
restriction enzyme and then looped together to preserve the linkage. After DNA library construction
restriction enzyme and then looped together to preserve the linkage. After DNA library construction
and shotgun sequencing, the proximity-ligation reads (Figure 2) help consolidate the small local
and shotgun sequencing, the proximity-ligation reads (Figure 2) help consolidate the small local
haplotype blocks (built from conventional short-insert sequencing reads). These blocks ultimately
haplotype blocks (built from conventional short-insert sequencing reads). These blocks ultimately
phased ~81% of alleles from 17× sequencing [35]. Vree et al. [41] also exploited the 3D property
phased ~81% of alleles from 17× sequencing [35]. Vree et al. [41] also exploited the 3D property of
of chromosomes to target re-sequencing and haplotyping genomic regions. Connecting linearly
chromosomes to target re-sequencing and haplotyping genomic regions. Connecting linearly distant
distant DNA is the key point for Hi-C libraries to generate large-scale haplotype blocks. However,
DNA is the key point for Hi-C libraries to generate large-scale haplotype blocks. However, this kind
this kind of connection mainly results from the nucleosome-wound DNA fiber instead of from the
of connection mainly results from the nucleosome-wound DNA fiber instead of from the whole
whole chromosome. Conversely, the complex structure of chromosomes in nuclei contains many
chromosome. Conversely, the complex structure of chromosomes in nuclei contains many
confounding signals, which may interfere with the phasing. For instance, telomeres are often connected
confounding signals, which may interfere with the phasing. For instance, telomeres are often
in nuclei [42]. Furthermore, the position of linkage in vivo and the density of heterozygous variants
connected in nuclei [42]. Furthermore, the position of linkage in vivo and the density of
seriously influences the resolution of haplotypes [35].
heterozygous variants seriously influences the resolution of haplotypes [35].
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With the help of this approach, the noise rate was approximately one spurious link between an
unrelated 500 kb genomic windows, and haploid reads ranging from 10 kb to 150 kb were 99.83%
consistent with the standard. “Chicago” addresses the limitation that interactions only happen in
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limiting dilution makes compartmentalizes long, intact DNA fragments into massive parallel pools.
dilution makes compartmentalizes long, intact DNA fragments into massive parallel pools. Based on
Based on Poisson Distribution, there are only a few or no genomic DNA fragments divided into each
Poisson
Distribution,
there
are only afragments
few or noappearing
genomicinDNA
fragments
into
each pool.
pool. The
possibility of
heterogenous
the same
pool isdivided
poor. The
sequenced
The
possibility
of
heterogenous
fragments
appearing
in
the
same
pool
is
poor.
The
sequenced
reads of
reads of each pool are tracked by barcodes, sorted into sub-haploid units, and assembled into small
each
pool are tracked
barcodes,methods
sorted into
sub-haploid
units, and assembled
intoneed
smallspecialized
homologous
homologous
blocks.by
Although
based
on compartmentalization
do not
blocks.
Although
methods
based
on
compartmentalization
do
not
need
specialized
instruments
instruments or complex experimental operations, constructing massive DNA libraries makes them or
complex
experimental
operations,
constructing
massive
DNA
themthis
challenging
challenging
to commercialize.
Recently,
several works
have
beenlibraries
reportedmakes
to address
challenge to
commercialize.
Recently, [47]
several
works havebarcoded
been reported
to address this
by virtual compartments
or automatically
library construction
[48]. challenge by virtual
compartments [47] or automatically barcoded library construction [48].
4.1. Traditional Pool-Based Haplotyping
4.1. Traditional Pool-Based Haplotyping
Peters et al. [49] demonstrated Long Fragment Read (LFR) technology for haplotyping in 2012.
Peters
et al. DNA
[49] demonstrated
Long
Fragment Read
(LFR) technology
for haplotyping
into
2012.
Long
Long
parental
fragments were
stochastically
separated
into physically
distinct pools
create
sub-haploid
input DNA
was onlyinto
about
100 pg per
sample.
Instead
of exploiting
parental
DNA compartments.
fragments wereThe
stochastically
separated
physically
distinct
pools
to create
sub-haploid
fosmid clonesThe
likeinput
the previous
studies
[50–52],
was
used as
a uniform
approach
of whole
compartments.
DNA was
only about
100MDA
pg per
sample.
Instead
of exploiting
fosmid
clones
genome
amplification.
As
a
result,
92%
of
the
heterozygous
SNPs,
on
average,
were
phased
into long
like the previous studies [50–52], MDA was used as a uniform approach of whole genome amplification.
~1 Mb and ~500
kb,
inphased
two samples,
which
means
ofMb
Ascontigs
a result,with
92%N50s
of theofheterozygous
SNPs,
onrespectively,
average, were
into long
contigs
with that
N50s50%
of ~1
haplotype-resolved
sequences
(by
length)
were
within
blocks
of
at
least
~1
Mb
and
~500
kb.
Ciotlos
and ~500 kb, respectively, in two samples, which means that 50% of haplotype-resolved sequences (by
et al. were
[53] applied
commercialized
technology
analyze
theapplied
highly aneuploid
BT-474LFR
length)
within blocks
of at least LFR
~1 Mb
and ~500to
kb.deeply
Ciotlos
et al. [53]
commercialized
cell
line.
Kaper
et
al.
[54]
also
applied
MDA
in
a
dilution
strategy,
and
phased
more
than
95%
of in
technology to deeply analyze the highly aneuploid BT-474 cell line. Kaper et al. [54] also applied
MDA
heterozygous SNPs of a diploid genome. Apart from MDA, Kuleshov et al. [55] used long-range
a dilution strategy, and phased more than 95% of heterozygous SNPs of a diploid genome. Apart from
PCR as an amplification approach, and phased up to 99% of all SNVs. However, the trace content of
MDA, Kuleshov et al. [55] used long-range PCR as an amplification approach, and phased up to 99%
DNA in each sub-haploid compartment still influences the uniformity and accuracy of amplification.
of all SNVs. However, the trace content of DNA in each sub-haploid compartment still influences the
uniformity and accuracy of amplification. Moreover, the single library preparation of each compartment
makes the traditional pool-based strategy labor-intensive and costly.
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Figure 4. The workflow of the contiguity-preserving transposition sequencing (CPT-seq) [47]. (i) The
Figure 4. The workflow of the contiguity-preserving transposition sequencing (CPT-seq) [47]. (i) The
maternal DNA (pink lines) and paternal DNA (purple lines) are barcoded by uniquely indexed
maternal DNA (pink lines) and paternal DNA (purple lines) are barcoded by uniquely indexed
transposon; (ii) The indexed libraries are pooled, diluted and redistributed into other physical
transposon; (ii) The indexed libraries are pooled, diluted and redistributed into other physical
compartments; (iii) Indexed PCR incorporates a second compartmental index into the fragments
compartments; (iii) Indexed PCR incorporates a second compartmental index into the fragments of
of each compartment before sequencing.
each compartment before sequencing.
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4.3. Linked-Read Sequencing
4.3. Linked-Read Sequencing
In 2016, Zheng et al. [48] presented a linked-read sequencing approach based on microfluidics,
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5. Fluorography
The development of microscopy and fluorescent technology makes it possible to visualize
nanometer-scale molecules. Methods based on fluorography use fluorescent dye to label SNPs, and
high-resolution fluorescence microscopy to image them. Physical DNA imaging can span more than
one SNP locus across a long DNA fragment, which is useful to phase haploid blocks. Without library
construction or conventional DNA sequencing, the haplotype identification is able to be more
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5. Fluorography
The development of microscopy and fluorescent technology makes it possible to visualize
nanometer-scale molecules. Methods based on fluorography use fluorescent dye to label SNPs,
and high-resolution fluorescence microscopy to image them. Physical DNA imaging can span more
than one SNP locus across a long DNA fragment, which is useful to phase haploid blocks. Without
library construction or conventional DNA sequencing, the haplotype identification is able to be more
accurate and less biased. However, none of these methods can phase the whole genome haplotype
independently; while some focus on targeted haplotyping sequencing [58–62], others provide a
genome-wide framework for phasing [56,63].
5.1. Targeted Fluorescence Hybridization
Under some circumstances, only part of the genome region requires determination of haplotype.
Compared to retrieving the desired part from the whole genome haplotype, selectively identifying the
alleles into local haplotypes is more cost-effective. Xiao et al. [58] first reported a molecular haplotyping
method for labeling DNA molecules, and imaged them with total internal reflection fluorescence (TIRF)
microscopy. Then, they refined this work using probes with locked nucleic acid, which raised the
labeling efficiency and extended the reaction specificity [59].
FISH is widely applied in detecting specific DNA sequences and defining spatial-temporal
patterns of gene expression. Beliveau et al. [60] reformed FISH-based imaging into targeted
haplotyping, and developed homologue-specific OligoPaints (HOPs). With this approach, they selected
thermodynamic suitable and genomically unique probe sequences that span at least one SNP on the
target region. HOP probes are artificial DNA oligonucleotides that are synthesized according to the
probe sequences. HOP probes are designed in pairs to distinguish SNP variants. For each oligo of
a HOP probe set, a cognate oligo can be found on the same locus which differs only by the SNP
variant(s). Haplotypes can be inferred from combination of hybridized HOP probes at different
loci in a chromosome. Although all of them are in pairs, the SNVs are inserted into sequences to
distinguish them. Haplotypes can be inferred when partner HOP probes target the same region on
different homologous DNA. Beliveau et al. [60] verified this approach by examining several haploid
regions, and demonstrated that higher resolution could be achieved when combined with DNA-based
point accumulation for imaging in nanoscale topography (DNA-PAINT) [64] or stochastic optical
reconstruction microscopy (STORM) [65].
5.2. Genome Mapping by Nanochannel Arrays
Combining fluorography with microfluidics, Das et al. [66] demonstrated a fluorescent labeling
strategy that identifies the region of specific sequences along the stretched DNA molecules.
This method was first used to detect structural variants in the human genome. In 2012, Lam et al. [61]
optimized it for general use, and the method generated high-resolution sequencing motif physical
maps, known as “genome maps”. After being fluorescently labeled at specific sites, long DNA
molecules are stretched in nanochannel arrays. As genome maps constituted by this approach are
extremely long in length, it is useful for long-range phasing (Figure 6). Cao et al. [62] used genome
maps to help determine haplotypes of some hyper-variable regions. Although nanochannel arrays
cannot resolve the haplotype alone, the performance of phasing is raised dramatically when it is
combined with other methods. Pendleton et al. [63] phased HapMap sample NA12878 by combining
nanochannel arrays, single-molecule real-time (SMRT) sequencing and Illumina short-read sequencing.
The final phase block N50 reached 145 kb. Mostovoy et al. [56] utilized the data from genome maps,
“Linked-Read” and Illumina reads. A better phase result was obtained, as phase block N50 raised to
4.7 Mb. Mak et al. [67] detected whole-genome structural variation by nanochannel arrays. In their
work, local phasing (>150 kb regions) was routine, as DNA molecules from parental chromosomes are
examined separately.
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6.1. Single-Molecule Real-Time (SMRT) Sequencing
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all 256 four-nucleotide combinations. Fuller et al. [77] demonstrated a nanopore-based synthesis
strategy that uses four different polymer tags to differentiate nucleotides during their incorporation
into a growing DNA strand. Although not all of these nanopore sequencing strategies have been
applied in haplotyping, they are of great potential in generating direct data on haplotypes in the future.
7. Discussion and Conclusions
To fully interpret the human genome, haplotyping is an inevitable trend. Many experimental
methods have been developed recently to facilitate this process. The above-described methods vary in
linkage range, genome phase percentage, and experimental complexity and instrument requirements.
The comparison among representative methods of each class is shown in Table 2. Methods based on
encapsulation have the potential to phase chromosome-length haplotypes, but most of them need
specialized instruments and skilled experimental operation. The uncertainty of the harvest may lead
to massive parallel experiments, which are labor-intensive. Methods that make use of the 3D structure
of chromatin build linkages between two linearly distant but spatially close DNA sequences. They can
also generate chromosome-spanning haplotypes with no need for sophisticated instruments. However,
the risk of false phasing inter-chromosome reads is worth noting. Compartmentalization-related
methods have low system complexity, but mainly focus on the local haplotype blocks. It has previous
required laborious library construction and deep sequencing, but the advent of CPT-seq and linked
read mitigates the situation. Fluorography-related methods need microscopy and fluorescent dye.
They provide a whole genome framework for phasing, but also require the assistance of other methods.
As for long-read sequencing, it can generate long reads spanning several heterozygous variants, but the
accuracy and cost performance still need improvement.
Table 2. Comparison among representative methods of each class.
Haplotyping
Method

Strand-Seq [28]

“Chicago” [42]

Nanochannel
Arrays [62]

SMRT [68]

Attached class

Encapsulation

3D structure
capture and
construction

Fluorography

Long-read
sequencing

Scale of
contiguity

Chromosome length

Chromosome
length

40–200 kb

20–220 kb

20–60 kb

Principle

Identifying sister
chromatids during DNA
replication

Reconstructing
chromatin by
Hi-C protocol

Stochastically
barcoding HMW
DNA molecules
and creating
linked-reads

Generate
high-resolution
physical maps of
chromosomes

Sequencing long
DNA fragments

Library
preparation

Single-cell libraries
required, but without
WGA

No specific
requirement

No specific
requirement

No need of library
construction

Specific libraries
required

Instrument and
reagents

BrdU reagent

Chromatin
assembly kit
and Hi-C
related reagents

Cartridge
reservoirs and
barcoded primer
gel beads

Irys System of
Bionano Company

Sequencer based
on zero-mode
waveguide
nanoarrays

Input DNA

BrdU incorporated DNA
within single cells

HMW DNA
5.5 µg

HMW DNA
1 ng

HMW DNA

HMW DNA

Independent
method or not

YES

assistance
required

YES

assistance required

assistance required

Labor
intensiveness

High

Moderate

Moderate

Moderate

Moderate

Cost

High 1

Moderate

Moderate

Moderate

High

1

Linked-Read [48]

Compartmentalization

WGS and single cell library construction costs.

Haplotypes can provide more information than only the genotype in genetic diseases, genome
association, inheritance pattern of pedigrees and populations. Methods developed in the past five
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years drastically accelerate the speed of resolving haplotype and improve the performance of phasing.
Some innovative methods, such as nanopore sequencing, will have great potential in haplotyping once
they break through the bottleneck. With the development of precision medicine and the popularization
of DNA sequencing, these haplotyping methods will be broadly used in the genetic field to facilitate a
deeper understanding of human genome.
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