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a b s t r a c t

Multiple displacement amplification (MDA) based on isothermal random priming and high fidelity phi29 
DNA polymerase-mediated processive extension has revolutionized the field of whole genome amplifica
tion by enabling the amplification of minute amounts of DNA, such as from a single cell, generating vast 
amounts of DNA with high genome coverage. Despite its advantages, MDA has its own challenges, one of the 
grandest being the formation of chimeric sequences (chimeras), which presents in all MDA products and 
seriously disturbs the downstream analysis. In this review, we provide a comprehensive overview of current 
research on MDA chimeras. We first reviewed the mechanisms of chimera formation and chimera detection 
methods. We then systematically summarized the characteristics of chimeras, including overlap, chimeric 
distance, chimeric density, and chimeric rate, as found in independently published sequencing data. Finally, 
we reviewed the methods used to process chimeric sequences and their impacts on the improvement of 
data utilization efficiency. The information presented in this review will be useful for those interested in 
understanding the challenges with MDA and in improving its performance.

© 2023 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural 
Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/ 

licenses/by-nc-nd/4.0/).

1. Introduction

Cells are the basic building blocks of all living organisms [1] and 
contain genetic information in the form of DNA [2]. In biological and 
medical research, it is often necessary to understand the genetic 
information of a single cell rather than a group of cells [3–10]. 
However, the amount of genomic DNA in one cell is often insufficient 
for sequencing [11]. Modern sequencing platforms require a 
minimum of 1 ng DNA for next-generation sequencing (NGS) and 
1 μg for third-generation long-read sequencing [12,13]. Long-read 
sequencing technologies, such as those provided by Pacific Bios
ciences and Oxford Nanopore Technology, also require high mole
cular weight DNA as input [12,14], typically >  10 kb.

In some circumstances, such as in single-cell, metagenomics, or 
unculturable microorganism studies, it may be difficult to directly 
extract sufficient amounts of DNA of the required quality and length. 
To overcome this limitation, DNA can be amplified through whole 
genome amplification (WGA) technologies from as few as picograms 
to micrograms [11,15]. Advances in DNA sequencing technologies 
have made it possible to sequence the entire genome of a single cell 
at an affordable cost through single-cell whole genome amplification 
(scWGA) techniques. All DNA molecules can be amplified parallelly, 

and single-cell genomics has emerged as an exciting field of its own 
[11,16–24].

Multiple displacement amplification (MDA), a widely used WGA 
and scWGA approach, involves the binding of random hexamers to 
the denatured DNA followed by strand displacement synthesis using 
phi29 polymerase at a constant temperature [25]. This method is 
preferred due to its high processivity, strand displacement capacity, 
and a low error rate of 1 in 106–107 nucleotides [20,26,27]. Phi29 
polymerase has higher fidelity compared to other strand-displace
ment DNA polymerases, such as Bst, Klenow, and T4. The primers 
used in MDA can be hybridized to the template at an optimum 
temperature (typically 30 °C) and are not as long as the primers used 
in other DNA polymerases that require higher reaction temperature 
and have lower randomness and reaction efficiency. Additionally, 
Phi29 polymerase has both high proofreading activity and strand 
displacement activity, whereas other DNA polymerases have only 
strong strand displacement activity (such as Bst and Klenow) or only 
strong proofreading activity (such as T4). The DNA amplified by MDA 
has a higher molecular weight (up to 100 kb) and better genome 
coverage than the output of other scWGA methods [3,11,23,28–31]. 
To further improve the performance of MDA, researchers have de
veloped some customized strategies [32], including microwell MDA 
(MIDAS) [33], emulsion MDA (eMDA) [34], and microchannel MDA 
(μcMDA) [35,36].
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However, there are limitations to the use of MDA in DNA se
quencing [11,37], such as the formation of chimeras, which are 
amplification artifacts [38–41] when two non-adjacent genome re
gions are joined together on one DNA molecule after MDA. Chimeras 
are considered a result of hyperbranched DNA generated by the 
strand displacement process [39–41] and cannot be used for genome 
assembling [42–47]. This poses a significant challenge to single-cell 
sequencing studies of structural variants [23,48–50] and can result 
in assembly errors in microbial genome [47] and macro-genomic 
studies [42–44].

Given that the amount of DNA involved in these studies is 
minimal, MDA is applied to amplify the DNA for subsequent se
quencing, but the chimerism generated during the process can 
greatly impact the overall accuracy. Researches indicate that the 
chimerism in MDA sequencing data cannot be ignored and is at
tracting increasing attention, especially as single-cell studies have 
become a hot topic [13,51–54].

In this mini-review, we discuss the formation and systematic 
characteristics of MDA chimera [39] and present existing meth
odologies for detecting chimeras in MDA-treated short and long- 
read sequencing data from Sanger sequencing [38], NGS [39–41,54], 
and third-generation sequencing platforms [51,55]. We also provide 
information on the treatment of chimeras and their impact on the 
improvement of data utilization efficiency. Our review system
atically compares and discusses different methods for chimera 
analysis, allowing researchers to choose appropriate ways to reduce 
the impacts of the MDA-induced chimeras.

1.1. The multiple displacement amplification

As mentioned in the introduction, MDA [11,25,32,37] is a 30 °C 
isothermal DNA amplification process mediated by phi29 DNA 
polymerase. The iterative process begins with the annealing of 
random hexamer primers to denatured ssDNA templates. DNA 
synthesis then starts at multiple sites on the template (Fig. 1A) and 
continues uninterruptedly along the template until encountering a 
downstream primer (Fig. 1B). The phi29 polymerase has strong 
displacement activity, causing the downstream strand to be dis
placed gradually from its 5′-end as the upstream elongation of DNA 
strand continues (Fig. 1C and Fig. 2A). This results in the formation of 
complex branch structures composed of a large amount of partly 
displaced strands (Fig. 1D). The branched molecules can serve as 
new templates upon the binding of new random primers and 
polymerase, leading to exponential growth in a total amount of DNA. 
Although the branch growth generates clusters of DNA molecules 
instead of linear dsDNA, the rule of only two ssDNA molecules being 
able to hybridize at the same site applies, allowing the products to 
be used for sequencing library construction. The amplification ends 
with heat inactivation of phi29 polymerase, after which a sufficient 
amount of DNA is collected.

1.2. The mechanism of MDA chimera formation

The MDA process involves the simultaneous synthesis of multiple 
complementary strands from different sites on a single template 
strand, leading to the formation of hyperbranched structures 
[38,39,41,54,56–58]. The branched DNA structures have numerous 
single-stranded 5′-ends, many of which are eventually converted 
into dsDNA by random hexamer primers. This results in vast 
amounts of 5′-ends of ssDNA being freely dissociated from the 
template and available for priming. The branch-migration me
chanism, which is an entropically advantageous mode of DNA strand 
displacement with alternative forms, is predicted to appear in 
equilibrium [59,60]. The displaced ssDNA also competes for re-an
nealing with the template [39], which can cause the 3′-end of the 
extended DNA to fall off (Fig. 2B and Fig. 2C). The single-stranded 

intermediate states can anneal to alternative secondary structures 
with other ssDNA (Fig. 2D), including the displaced strand (Fig. 2E1) 
or the original template (Fig. 2E2) with complementary base pairs. 
This random mispriming event of displaced strands on unexpected 
genomic regions will lead to the formation of MDA chimeras (Fig. 2F 
and Fig. 2G).

The chimeras can be classified into two types: inverted chimeras 
and direct chimeras [39,41,56]. The formation mechanisms of these 
two types of chimeras are different [39,54]. In direct chimeras, the 
displaced 3′-termini re-anneal on the same template strand in a 
region that is similar but not identical to the original primer site. The 
genomic distance between the displaced 3′-termini and the priming 
5′-end is ignored in the amplicon. In inverted chimeras, the dis
placed 3′-termini anneal on a new template strand, which can be a 
displaced ssDNA with a free 5′-end or an irrelevant strand. The mis- 
primed 3′-end is extended according to the new template strand 
from the priming site by phi29 DNA polymerase, leading to the 
joining of two regions that are not expected to appear on the same 
strand. During the re-annealing, DNA strands tend to choose a site 
that is spatially close to themselves and contains a short com
plementary sequence in order to reduce the hybridization barrier 
potential. Sometimes, the mispriming events can occur with only 1 
or 0 complementary bases, as the temporary annealing of the 3′- 
ends can be rapidly stabilized by the extension of the phi29 DNA 
polymerase.

Fig. 1. Experimental process of MDA with phi29 DNA polymerase: (A) The random 
hexamer primers (represented by the short red lines) anneal to the denatured single- 
strand DNA (ssDNA) template (represented by the light blue lines). (B) The phi29 DNA 
polymerase (represented by the green spheres) synthesizes DNA along the ssDNA 
template from the positions where the primers have annealed, until it reaches the 
adjacent newly synthesized double-strand DNA (dsDNA, represented by the dark blue 
lines). (C) The phi29 DNA polymerase continues the DNA replication process, repla
cing the newly synthesized DNA strand and continuing the DNA polymerization, 
while primers anneal to the newly synthesized DNA. (D) DNA polymerization initiates 
along the new DNA strands, resulting in the formation of a network of hyperbranched 
DNA structure and generating very long DNA fragments (ranging from 2 kb to 70 kb) 
with low amplification error rates.
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1.3. The detection and identification of MDA chimeras

An overview of detection methods mainly used in studies on 
MDA chimeras is presented in Table 1, with each method described 
as follows.

1.3.1. Chimera detection in Sanger sequencing data of single cells
Chimera detection in Sanger sequencing data of single cells is a 

critical issue that has been studied in recent years. The use of cloned 
libraries derived from MDA products of single cells is a routine 
practice in whole-genome shotgun sequencing. In 2006 [38], Zhang 
et al. tested different post-amplification enzymatic treatments of the 
same MDA-amplified DNA to decrease chimeras and improve 
genome assembly in the presence of chimeric sequences. They found 
that using S1 nuclease resulted in partial removal of chimera, but the 
chimeric rate was not significantly reduced. However, the combi
nation of three treatments: phi29 polymerase debranching, S1 nu
clease digestion, and DNA polymerase I nick translation, resulted in a 
low chimeric rate of 6.25 %. Skipping any of these treatments in
creased the chimeric rate.

The authors also developed IterativeAssembler, a tool for mul
tiple rounds of genome assembly and chimeric sequence detection. 
The tool is mainly based on an iterative assembly procedure that 
involves assembling total reads into contigs, aligning total reads with 
the contigs, breaking chimeric sequences at the chimeric point, and 
feeding the resultant sequences for the next round of assembly. The 
iterative assembly procedure is repeated until the chimeric rate 
stops increasing.

The above research highlights the challenges posed by chimeric 
sequences derived from MDA reactions in genome assembly proce
dures and indicates that MDA can introduce an unusually high 
percentage of chimeras into sequencing data, leading to difficulties 
in accurate genome assembly. The detection method used in the 
study demonstrates that these chimeric sequences can be split into 

two parts and mapped to two distinct regions of the reference 
genome.

This study uses Sanger sequencing platforms, which provide long 
reads (about 800 bp) amplified by MDA from the DNA of a single 
bacterial cell but have limited throughput [61–63]. These platforms 
are not suitable for large-scale studies and are being placed by more 
advanced sequencing technologies. In addition, the amplified DNA in 
this study was from bacteria with relatively small genome size [64], 
and the formation and structural features of chimeras still need to be 
explored through further in-depth analysis.

1.3.2. Chimeras detection in 454 sequencing data of a single E. coli cell 
by MDA

In 2007 [39], Lasken et al. made a significant contribution to the 
field of single-cell whole genome sequencing by discovering 475 
MDA chimeras in a sample of 108,944 totally uniquely mapped reads 
from a single E. coli cell. The MDA products were sequenced using 
the 454 sequencing platform [65], which is a low-throughput tech
nology that has been discontinued since 2016 [66].

The authors established a standard for detecting MDA chimeras 
by identifying reads that had two >  20 bp non-continuous sequences 
that were joined together and aligned to non-contiguous regions of 
the reference genome. The authors, for the first time, categorized the 
chimeras based on the orientation of the pairs of aligned read parts 
(they were either mapped to the same strand of the genome or the 
opposite strand of the genome), the number of overlapping bases in 
the chimeric junction, and the size of the intervening genome region 
spanned by the chimeric junction. They also provided new insights 
into the reaction mechanisms that generate chimeras during MDA 
and expanded our understanding of the MDA reaction.

However, there are limitations to this study. The sequencing data 
were generated using a low-throughput platform, and only 475 
chimeras were discovered, which is fairly low number and far away 
from a significant level, resulting in a lack of representativeness. 

Fig. 2. The mechanisms underlying the 5′-end displacement by phi29 DNA polymerase, 3′-end displacement by branch migration, and chimera formation with direct sequences 
and inverted sequences during the MDA process. Mispriming events occur during MDA due to the present of similar sequences (green lines in right Figure) on adjacent templates. 
(A) The MDA reaction proceeds through the strand displacement mechanism, with phi29 DNA polymerase extending 3′-termini while concurrently displacing any downstream 
copies starting from their 5′-ends. (B, C) Branch migration reaction displaces 3′-terminis with an equilibrium between competing secondary structures. (D) Phi29 DNA polymerase 
binds to the displaced 3′-ends, allowing it to prime on the nearby regions with different coordinates. (E1) The displaced 3′-ends re-anneal to a nearby new DNA template strand 
(represented by the light gray dotted arrow), which can be a synthesized and displaced ssDNA with a free 5′-end or an unrelated strand if there exists a complementary pair (green 
line) between the displaced 3′-end and the free 5′-end. (F) Elongation continues (represented by the orange dotted arrow) by phi29 DNA polymerase along the new template 
strand, generating inverted chimeras. (E2) The displaced 3′-ends re-anneal to the same template that has a similar base sequence (represented by green line in E2) but not at the 
same region. (G) Elongation continues (represented by orange dotted arrow) by phi29 DNA polymerase along template strand, generating direct chimeras.
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Furthermore, the genome of E. coli is simple [67] and cannot effi
ciently reflect the chimerism formation. In addition, no tool or pi
peline was developed for detecting MDA chimeras from the whole 
genome sequencing data. With the advancement of sequencing 
technologies and comprehensive usage of MDA in NGS, it is hoped 
that this study can be expanded in the future.

1.3.3. Chimeras detection in human whole genome sequencing data
In 2015 [40], based on the characteristics of MDA chimeras 

identified in previous studies, Tu et al. divided MDA chimeras into 
two categories: insertion and single-end chimeras. They established 
a bioinformatics pipeline using the Short Oligonucleotide Analysis 
Package 2 (SOAP2) alignment software [68] for recognizing MDA 
chimeras in paired-end (PE) sequencing data [69] from the Illumina 
HiSeq sequencing platform [70–72]. The pipeline first distinguished 
the insertion chimeras by observing the mapped genome strand 
orientations of PE reads after they were aligned to the hg19 human 
reference genome. The authors then collected candidate single-end 
chimeric reads, which were mapped and unmapped reads with the 
initial 30 nucleotides (regarded as a seed) perfectly mapped to the 
hg19 and the remaining nucleotides unmapped to the same location 
and used a self-designed subsection alignment strategy to search for 
all single-end chimeras. The strategy involved seed extension and 
local alignment and was applied repeatedly to the candidate single- 
end chimeric reads.

The author further comprehensively characterized MDA chi
meras in large-scale high-throughput human whole genome se
quencing data. The pipeline accurately distinguished the insertion 
chimeras and the single-end chimeras based on their own char
acteristics using the subsection-alignment strategy and provided 
detailed structural visualization of the single-end chimeras through 
the use of two structurally statistical indicators: the length of 
overlap sequences and the distance between two subsections of the 
single-end chimeras. The author reported that the pipeline improved 
data utilization efficiency but noted that it was tedious, time-con
suming, complicated, and omitted some single-end chimeras due to 
its limitations, such as the lack of complete analysis tool and the 
exclusion of split-reads from SOAP2 alignment results.

1.3.4. Chimeras detection in human single-cell whole genome 
sequencing data

Along with the wide application of single-cell sequencing, the 
presence of chimeras in single-cell MDA products has become an 
obstacle hindering the comprehensive analysis of sequencing data 
[7,73–75]. To address this issue, a faster and more accurate detection 
tool is desired. In 2019 [41], Lu et al. introduced ChimeraMiner, an 
improved chimeric read detection pipeline designed to detect chi
meras from human whole genome sequencing data in MDA. The 
pipeline utilizes the Burrows-Wheeler Aligner [76,77] Maximal 
Exact Matches MEM (BWA-MEM) [78], a novel and widely used DNA 
alignment tool in genome studies, for aligning PE reads to the hg19 
reference genome.

ChimeraMiner identifies insertion chimeras from the read pairs 
aligned to the same genome strand and considers soft-clipped 
alignment reads as candidate single-end chimeras. It breaks the soft- 
clipped alignment reads into two or more segments, constructs the 
adjacent segments as new read-pairs, maps the new read-pairs to 
the hg19 reference genome, and searches for overlapped sequences 
to identify valid single-end chimeras using a solo cyclical alignment. 
The process takes less than half of the time of the previous pipeline 
[56] based on SOAP2 and could accurately identify all types of MDA 
chimeras in every single-cell dataset.

The use of BWA-MEM makes ChimeraMiner more suitable for 
analyzing MDA-related whole genome sequencing data and single- 
cell whole genome sequencing data. Most importantly, the tool’s 
ability to rapidly integrate single-end chimeras into subsequent Ta
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bioinformatics analysis enhances the utilization efficiency of MDA 
sequencing data, especially single-cell MDA sequencing data. 
However, ChimeraMiner cannot be applied to detect chimeras in the 
third-generation sequencing (TGS) MDA data due to differences in 
the read lengths between NGS and TGS data.

1.3.5. Chimeras detection in long-read sequencing data
The advancement in sequencing platforms has enabled the se

quencing of DNA molecules with lengths >  = 20 kb. Long-read se
quencing [79] using DNA products amplified by phi29 DNA 
polymerase-based MDA has become a popular choice. This tech
nology has been utilized to perform more detailed analyses of 
single-cell genomes [80,81] and has led to the discovery of novel 
somatic variations, structural variations [82,83], and repeat regions 
of genomes [12,13], which were hard to study in single cells before 
[84,85]. As a result, there is a better understanding [86] of somatic 
variation, mutation rates, and the functional effects of these genomic 
elements.

Long-read sequencing has potential applications beyond human 
cells and could result in improved genome assemblies for single 
cellular organisms that are difficult to culture in the laboratory [51]. 
However, the amplified DNA produced by phi29 DNA polymerase- 
based MDA contains numerous chimeric reads that are derived from 
artificial sequences connecting discontinuous DNA regions. These 
chimeric reads can hamper proper downstream analysis and become 
more pronounced with increasing read lengths.

1.3.5.1. Identification of MDA chimeras in PacBio reads from low- 
biomass phageomes. Kiguchi et al. developed a novel 
bioinformatics tool called the Split Amplified Chimeric Read 
Algorithm (SACRA) to address the challenge of long-read 
sequencing of low-biomass samples. SACRA is designed to correct 
chimeric reads in PacBio data obtained from MDA products of low- 
biomass human gut phageomes [51]. The algorithm identifies MDA 
chimeras in PacBio reads by aligning error-corrected PacBio reads to 
phageomes genome using LAST [87] and then removing alignments 
with <  95 % identity or <  50-bp aligned length. PacBio reads with 
≥ 50-bp unaligned sequences are considered chimeras originating 
from MDA.

SACRA proves to be highly effective and accurate in pre-proces
sing MDA chimeras, markedly reducing the average chimera ratio 
from 72 % to 1.5 %. However, Kiyuchie et al. did not consider the 
overlap sequence of the detected chimeras, which is the most im
portant feature of chimera. Additionally, the study focused on 
human gut phageomes, which have a relatively small genome and 

may not be representative of species with more complex genomes. 
Therefore, further research is needed to more comprehensively ex
plore MDA chimeras in long-read sequencing data from more re
presentative species.

1.3.5.2. Identification of MDA chimeras in PacBio reads from human 
single-cell. Recently, Lu et al. detected and characterized chimeric 
reads in PacBio long-read sequencing reads by coupling MDA and 
PacBio single-molecule sequencing platform. They developed 3rd- 
ChimeraMiner, a novel bioinformatics tool for recognizing and 
classifying MDA chimeras in PacBio long reads [55]. The tool first 
aligned PacBio reads to the hg19 reference genome using minimap2, 
and considered the mapped reads with an “SA” tag as segmented 
mapped reads (SMRs). SMRs with the soft-clipped alignments were 
considered candidate chimeric reads, which were then segmented 
and sorted based on their alignment position. The local alignment 
strategy was employed to search for the overlap sequences between 
adjacent segments and identify valid MDA single-end chimeras.

3rd-ChimeraMiner is the first bioinformatic tool for analyzing 
chimeras in long-read sequencing data of human single-cell MDA 
products. It explored the distribution and proportion of MDA chi
meras in human PacBio sequencing data and transformed MDA 
chimeras into normal reads based on the chimeric points and the 
strand orientation. By applying the 3rd-ChimeraMiner for MDA long- 
read sequencing data at the single cell level, Lu et al. found that MDA 
chimeras were ubiquitous, and the use of 3rd-ChimeraMiner im
proved the full-length mapping ratio and utilization efficiency of 
PacBio sequencing data.

1.4. The characteristics of MDA chimeras

Chimeras, both inverted and direct (Fig. 3A and Fig. 3B), are re
cognized as a phenomenon where adjacent segments of the chi
meras can be located consecutively but adjacently on a chromosome, 
either on the same strand or reverse strand of the reference genome 
[41]. These adjacent segments are connected by an overlap. Previous 
studies [38,41,51] have demonstrated that the number of phi29 DNA 
polymerase-mediated MDA chimeras is substantial and statistically 
significant. Here, we summarize the representative characteristics of 
MDA chimeras.

1.4.1. The overlap sequence and the chimeric distance
MDA chimeras are often characterized by the presence of over

lapping sequences between the former segments, which initiate 
priming on the new template, and the lagging segments of the DNA. 

Fig. 3. (A) Two adjacent segments of a read mapped to the reverse strands of the reference genome (+/-). This read was defined as an inverted chimera. (B) Two adjacent segments 
of a read are mapped to the same strands of the reference genome (-/-) at different regions. This read is defined as a direct chimera. Moreover, the green sequences in A and B 
represent the overlapping sequences of the chimeras, between the adjacent segments of the chimeras. D is the chimeric distance between the end coordinate of the former 
segment and the start coordinates of the following segment. L is the length of the overlapping sequences between two adjacent segments of the chimeras.
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The overlapping sequence is found to be highly similar to the tail of 
the former segment and the reverse extended sequence of the lag
ging segment, and its length distribution is one of the statistical 
indicators of chimeras.

Based on the mechanisms of MDA chimera formation, scientists 
have identified many potential templates, especially with a short 
length, in the human genome for the formation of MDA chimeras. 
These potential templates are referred to as chimeric hotspots [88]. 
These hotspots can be composed of a pair of the same sequences on 
the same DNA strand in direct chimeras or a pair of reverse com
plementary sequences on the same DNA strand in inverted chimeras.

The average length of MDA products is theorized to be 12 kb 
based on the kinetics of phi29 DNA polymerase, but segmentation 
far greater than 10 kb apart is less likely to occur in the same am
plicon. Studies have shown that the formation of chimeras is an 
intra-molecular process [11,13,39,54,58], and the distance between 
the adjacent segments of chimeras, or the chimeric distance, is 
usually <  10 kb. The distribution of chimeric distance is another 
statistical indicator of chimeras.

Inverted chimeras are the most abundant type in all visible chi
meras and have the simplest structure, making them a popular 
subject for analyzing chimeric distance and overlap sequence length. 
The abundance distribution of chimeric distance in inverted chi
meras has been found to have an approximate bimodal distribution 
with a peak of 250–300 nucleotides in the range from 0 to 5000 
nucleotides (Fig. 4A), while the distribution of the overlap sequence 
length is similar to a Poisson distribution with a peak of 7 nucleo
tides, ranging from 5 to 8 nucleotides in most chimeras (Fig. 4B).

1.4.2. The randomness of chimeras
Previous studies explored the relationship between the forma

tion of chimeras and various factors in DNA sequencing. The ratio of 
insertion chimeras over single-end chimeras has been found to be 
positively correlated with the insertion fragment length of the se
quencing library [40]. Additionally, the number of inverted chimeras 
in a chromosome is positively correlated with the length of the 
chromosome [40,88]. In other words, more inverted chimeras are 
observed in a longer chromosome [88].

In a study of single-neuron sequencing analysis of L1 retro- 
transposition, the authors used PCR to amplify a chimera candidate 
in six different samples. They found that the PCR products were only 
detected in one sample [54], suggesting that each chimera event is 

unique to a given sample. In a sense, the generation of chimeras 
during MDA is random, but the large genome size and magnification 
fold of MDA can lead to a unique preference for specific regions of 
the genome in each individual experiment.

The concept of chimeric hotspots was discussed in the subsection 
titled “The overlap sequence and the chimeric distance” in the study 
“The detection and identification of MDA chimeras”. However, it 
remains unclear whether MDA-generated chimeras have any pre
ferred hotspots and what factors contribute to their formation. Tu 
et al. conducted research on inverted chimeras and the criteria of 
chimeric hotspot selection [88]. They systematically screened the 
chimeric hotspots in the human reference genome and elaborately 
analyzed factors affecting chimeric hotspot selection, such as chro
mosome distribution, overlap length, overlap GC content, and 
genomic distance between two segments. Such analysis of chimera 
formation could assist in improving the MDA reaction conditions 
and reducing the occurrence of chimeras.

The screening of 196 billion chimeric hotspots yielded 36.7 mil
lion inverted chimeras from MDA-amplified sequencing data. Two 
datasets were analyzed to evaluate the selective preference in chi
meras for hotspots. No clear preference was observed in the dis
tribution of chimeras and hotspots across chromosomes. However, 
hotspots with an overlap of 12–13 nucleotides were most found to 
be more susceptible to mispriming as templates in chimera forma
tion. In addition, a periodic selective preference was noticed in the 
GC content of the overlapping sequence, which was found to be 
related to the sequence denaturation temperature. The distance 
between two chimeric segments showed a preference for 80 and 280 
nucleotides.

In summary, the formation of chimeras is a random event that 
occurs when the free 3′-end of a molecule randomly anneals to a 
nearby template with corresponding chimeric hotspots that can be 
primed to generate chimeras.

1.4.3. Chimeric rate
In 2006 [38], phi29 DNA polymerase-mediated MDA chimeras 

were first discovered when sequencing genomes from single cells by 
cloning. At that time, the chimeric rate ranged from 17.00 % to 19.28 
% (Table 2 and Fig. 5). However, after sequential treatment with 
phi29 polymerase debranching, S1 nuclease digestion, and DNA 
polymerase I nick translation, the chimeric rate decreased to 
6.25–8.33 %, which was still statistically significant. An unusually 

Fig. 4. Features of the inverted chimeras. (A) The distribution of chimeric distance of two adjacent segments of the reads is an approximate bimodal, with the absolute value of the 
chimeric distance shown in the X-axis. (B) The abundance distribution of the length of overlapping sequences between two adjacent segments of the inverted chimeras in the NGS 
data. The abundance of each length is shown as the percentage of the number.
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high percentage of chimeras limited the quality of genome assem
blies, and an iterative assembling procedure was developed to 
computationally remove almost half of the chimeras to generate an 
assembly of higher quality. Despite these efforts, a comprehensive 
analysis of the composition and features of chimeras is still lacking.

In 2007 [39], phi29 DNA polymerase-mediated MDA chimeras 
were characterized for the first time in single E. coli whole-genome 
sequencing data. In 2015 [40] and 2019 [41], MDA chimeras were 
systematically analyzed in human MDA whole-genome sequencing 
data and human single-cell MDA whole-genome sequencing data, 
respectively. The chimeric rates were 0.4 % for E. coli, around 6 % for 
human MDA sequencing data and 0.93–4.68 % for human single-cell 
MDA sequencing data. In these studies, the inverted chimera was the 
dominant type of single-end chimeras, whether in E. coli low- 
throughput sequencing data (85 %) or in human high-throughput 
sequencing data (∼91 %).

Coupling MDA and PacBio single-molecule sequencing platforms 
has enabled the analysis of chimeras in MDA products sequenced by 
long-read sequencing. In PacBio metagenomic-sequencing data of 
MDA-amplified phageomes DNA [51], an average of 72 % of PacBio 
reads were chimeras, which is unexpectedly high. In PacBio human- 
sequencing data [55], the chimeric rates increased with the in
creasing amplification fold, ranging from 42 % (MDA products in
itiated from multi-cells, amplification fold of 102) to over 76 % (MDA 
products initiated from DNA amounts of the single-cell level, am
plification fold of 106). The inverted chimera remained the dominant 
type of chimera (average 89%), consistent with the results of 

previous NGS analyses. After analysis, 99.92 % of recognized chi
meras were found absent in the original genome.

1.4.4. Chimeric density
About one chimera event was detected every 22 kb [39] of MDA- 

magnified DNA from a single E. coli cell in the 454 sequencers 
(Table 2), while the rate decreased to about one chimera per 100 kb 
[54] in human MDA products sequenced by the Illumina platform. 
However, the frequency of the chimeric incident is relatively high in 
the third-generation sequencing data.

In human-sequencing data obtained using the PacBio platform, 
the average distance of adjacent chimeras generated increased with 
the amplification fold, ranging from 2 kb for MDA products amplified 
from single cells with an amplification fold of 106 to 7 kb for MDA 
products from multiple cells with an amplification fold of 102. The 
chimeric density, which is defined as the chimerism events that 
occur in 1 Mb region of the genome, is calculated using the following 
formula:

= ×Density
Totalchimerismevents
Totalsequencedbases

1
100000

1.5. The processing of MDA chimeras

Under normal circumstances, the presence of the insertion chi
meras in the sequencing data is usually considered useful informa
tion as these reads can be fully mapped to the reference genome. 
However, single-end chimeras (both inverted and direct chimeras) 
are often seen as useless data and are discarded due to their in
compatibility with the reference genome. In most bioinformatics 
studies, chimeras can be filtered after mapping, but sometimes they 
can cause problems. For example, in the identification of structural 
variations (SVs) in MDA sequencing data, chimeras can lead to false 
positive SVs and increase the validation effort by a factor of 200-fold 
[89]. In constructing contigs and scaffolds in genome assembly of 
metagenomics of low-biomass samples, chimeras can connect non- 
contiguous genome regions and make the de novo genome assembly 
process more challenging [42,44,45]. This is especially true in MDA 
sequencing data with long reads, which have high chimeric rates. 
Thus, dealing with chimeric reads after detection is a crucial issue 
for related studies.

To overcome these problems, chimeras can be split into two or 
more shorter sequences based on the chimeric points and then be 
transformed to the correct orientation based on their detected 
strand orientation. After that, these shorter reads can be treated as 
normal reads and re-mapped to the reference genome for further 
bioinformatics analysis. This process can significantly improve the 
utilization of sequencing data, especially for PacBio long-read se
quencing data.

The use of IterativeAssembler to process MDA chimeras in Sanger 
sequencing data of cloned libraries derived from MDA reactions 
showed that the longest contig was increased from 35.4 kb to 
58.3 kb, and the percentage of misassembled contigs dropped from 
20 % to 13 % [38]. ChimeraMiner was able to remove 83.82 % of false 
positive SVs introduced by single-cell MDA and improved the re
cognition of SVs in single-cell NGS data [41]. By converting chimeras 

Table 2 
The chimeric rate and density in previous studies. 

Studies Read length (bp) Chimeric rate Density (events/1 Mb)

Zhang et al. 2006 Nature Biotechnology[38] ∼800 19.30% 251
Lasken et al. 2007 BMC Biotechnology[39] ∼100 0.45% 45
Tu et al. 2015 Plos One[40] 202 1.80% 89
Lu et al. 2019 Int. J. Mol. Sci.[41] 300 4.56% 152
Yuya et al. 2021 DNA Research[51] 5551 72% 356
Lu et al. 2022 bioRxiv[55] 3821 76.16% 469

Fig. 5. Distribution of chimeric rate versus the mean length of the sequence reads， 
including both inverted and direct chimeras. The chimera rate is calculated as the 
ratio of the number of chimeras to the number of total sequenced reads. The dis
tribution in the figure shows that the chimeric rate is positively correlated with the 
mean read length.
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detected by 3rd-ChimeraMiner to normal reads in PacBio MDA data 
and re-aligning to the reference genome hg19, the full-length 
mapping ratio was increased from 14.47 % to 79.92 % in single cell- 
level PacBio sequencing data, with an average 97.77 % inversion of 
PacBio sequencing data being removed [55].

2. Conclusion

This mini-review offers an overview of chimeras generated 
during phi29 DNA polymerase-mediated MDA. We first summarize 
the chimera formation mechanisms and current bioinformatics 
methods of detecting chimeras in MDA sequencing data. We then 
systematically explore the characteristics of chimeras, including 
chimeric distance, overlapping sequence, chimeric rate, and chi
meric density in different sequencing platforms and biological 
samples. Finally, we review the methods for processing MDA chi
meras and discuss their impact effect. Despite many challenges, this 
review provides insights into optimizing MDA conditions, reducing 
the influence of chimeras in genome sequencing, and improving 
sequencing data utilization efficiency through chimeras integration 
in bioinformatics analysis.
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