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BSTRACT 

ultiple displacement amplification (MDA) has 

r o ven to be a useful technique for obtaining large 

mounts of DNA from tiny samples in genomics and 

etagenomics. Ho we ver, MDA has limitations, such 

s amplification artifacts and biases that can inter- 
ere with subsequent quantitative analysis. To o ver - 
ome these challenges, alternative methods and en- 
ineered DNA polymerase variants have been devel- 
ped. Here, we present new MDA protocols based on 

he primer-independent DNA polymerase (piPolB), a 

eplicative-like DNA polymerase endowed with DNA 

riming and proofreading capacities. These new 

ethods were tested on a genomes mixture con- 
aining diverse sequences with high-GC content, fol- 
owed by deep sequencing. Protocols relying on 

iPolB as a single enzyme cannot achieve compe- 
ent amplification due to its limited processivity and 

he presence of ab initio DNA synthesis. Ho we ver, 
n alternative method called piMDA, which combines 

iPolB with � 29 DNA pol ymerase, allo ws proficient 
nd faithful amplification of the genomes. In addition, 
he prior denaturation step commonly performed in 

DA protocols is dispensable, resulting in a more 

traightf orwar d pr otocol. In summary, piMDA outper - 
 orms commer cial methods in the amplification of 
 enomes and metag enomes containing high GC se- 
uences and exhibits similar pr ofiling, err or rate and 

ariant determination as the non-amplified samples. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

enomics and metagenomics have undergone a revolution 

n the last two decades. This is due to advances in whole- 
enome amplification methods and the de v elopment of 
assi v ely parallel sequencing methods that have opened up 

reviousl y unimagined a pplications in biotechnolo gy and 

iomedicine ( 1 ). This has led to an increasing demand for 
ore efficient, sensiti v e, and unbiased protocols aimed at 

e v eloping high-throughput analysis of biodi v ersity and 

ersonalized medicine, among other applications. 
Current technologies allow direct sequencing of DNA 

amples without a prior amplification step, which can re- 
uce bias and increase data reliability. Howe v er, this is not 
ossible when the quantity or quality of DNA is limited. 
her efor e, sequencing of the original raw sample is still ex- 
erimental or limited to targeted testing in some scenar- 

os ( 2–4 ). In addition, sample origin and characteristics, 
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genome isolation procedures, and sequencing platforms can
also be sources of error, bias, and underrepresentation of ge-
nomic sequences that are present in lower quantities ( 5–8 ). 

To ensure sample availability for DNA sequencing,
whole (meta)genome amplification (WGA), which includes
PCR-based a pproaches, m ultiple displacement amplifica-
tion (MDA), and a number of variations and deri v ed meth-
ods ( 9–11 ), enables ef ficient amplifica tion of minute nucleic
acid samples. MDA provides faithful and reliable amplifi-
cation of (meta)genomic DNA without the need for prior
knowledge of the target sequence. It has been used for the
amplification of complex (meta)genomic samples as well
as for whole genome amplification at the single-cell le v el
(scWGA) for almost 20 years ( 12–14 ). In addition, it is
based on an isothermal protocol that simplifies its use at
the point of care and promotes the de v elopment of various
applications beyond genomic analysis ( 15–17 ). Most MDA
protocols are based on the use of hexamer random primers
(RP) and the highly processi v e DNA polymerase from
Bacillus virus Φ29 ( � 29DN AP) ( 15 , 18 , 19 ), w hich can gen-
erate very long amplicons, that allow high coverage and de-
tection of single nucleotide polymorphisms (SNP) ( 20 , 21 ).
Howe v er, MDA also brings some disadvantages, such as
the generation of primer-related artifacts, chimeric DNA se-
quences, or biased poorer amplification of sequences with
extreme GC content ( 22–27 ), which may affect uniform
genome coverage and sensitivity for the detection of mi-
nor alleles or underr epr esented sequences ( 23 , 28 , 29 ). In
addition, the extreme processivity of � 29DNAP leads to
the overamplification of circular DN A molecules, w hich
compromises its use for some metagenomic applications,
such as metaviromic analysis ( 30 , 31 ). Accor dingly, se v eral
new tools and methods have been developed to increase
the accuracy of WGA. These include both engineered ver-
sions of DN A pol ymerases with improved MDA perfor-
mance, thermostability, or tolerance to chemicals ( 32–34 ),
and alternati v es that combine both PCR and MDA, such
as MALBAC or PicoFLEX / GenomeFlex. The latter meth-
ods have been reported to have limited coverage com-
pared with � 29DNAP-based MDA but offer higher sin-
gle nucleotide variants (SNV) detection rates, with MAL-
BAC having higher uniformity and a lower allelic dropout
(ADO) rate in the portion of the genome covered ( 29 , 35 ).
Howe v er, the specialized polymerase r equir ed for this reac-
tion lacks proofreading capacity, resulting in increased er-
ror rates ( 36 ). Another promising modification of MDA-
based WGA is TruePrime, which is based on the com-
bined use of a Thermus thermophilus primase-polymerase
enzyme (TthPrimPol) to generate short DNA primers that
are subsequently extended by � 29DNAP ( 37 ). This proto-
col is expected to r educe primer-r elated artifacts and pro-
vide a better r epr esentation of sequences with high-GC
content ( 38 ). 

In this work, we have developed and assessed new MDA
methods based on recombinant Esc heric hia coli primer-
independent P olB (piP olB), previously characterized as
having faithful DN A pol ymerase activity, along with proof-
reading, translesion synthesis, and DNA primase capaci-
ties ( 39 ). Our results have shown that the use of piPolB
in the absence of DNA primers or accessory factors can
lead to successful DNA amplification, although the ampli-
fied DNA product also contains a high proportion of dupli-
cated and low complexity sequences, corresponding to spu-
rious ab initio DNA synthesis ( 40 ). In contrast, the com-
bination of piPolB with a highly processi v e enzyme such
as � 29DNAP, a protocol hereafter referred to as primer-
independent MD A (piMD A), results in the amplification of
genomic samples at a le v el similar to commercially available
kits, which is further increased when a prior alkaline denat-
uration step is added (piMDA + D protocol). 

Deep sequencing of MDA pr oducts fr om a mixture of
bacterial genomes containing high-GC sequences obtained
with piMDA and piMDA + D protocols shows that both
alternati v es achie v e competent amplification and an im-
prov ed assemb ly compar ed to commer cial random primers
and PrimPol-based MDA. Overall, our results suggest that
the piPolB polymerase , primase , and proofreading capaci-
ties result in high-fidelity DNA molecules that can subse-
quently be extended by the highly processi v e � 29DNAP
for competent and accurate amplification of DNA sam-
ples. This wor k pav es the wa y f or the use of novel tai-
lored MDA methods for environmental and biomedical
applications. 

MATERIALS AND METHODS 

DNA amplification substrates 

The single- and double-stranded M13 DNA was obtained
from New England Biolabs (NEB). The genomes mix-
ture was generated from the combination of four differ-
ent bacterial genomes. Esc heric hia coli JM83, Micrococ-
cus luteus (later corrected to Kocuria rhizophila ) and Pseu-
domonas aeruginosa strains were taken from the teaching
collection of the Molecular Biology Department at Uni-
versidad Aut ́onoma de Madrid. Bacillus subtilis 110NA
( 41 ) was taken from Margarita Salas laboratory stock. Ge-
nomic DNAs were purified from 3 mL overnight cultures
grew at optimum temperature (30 ºC or 37 ºC) by Dneasy
Blood & Tissue Kits (QIAGEN). Additionally, 1 mg / ml
meta pol yzyme mix from a stock diluted in PBS pH 7.5 was
included in the lysis step to enhance digestion. The mock
metagenome sample was then pr epar ed by mixing an equal
mass of purified genomic DNAs. 

Genomic r efer ence sequences wer e selected from the top
hits of BLASTN queries on NCBI Nucleotide Database, us-
ing a subset of the largest contigs from the control assem-
b lies (Tab le S1). 

Multiple displacement amplification assays 

The DN A pol ymerase fr om bacteriophage � 29 fr om Mar-
garita Salas laboratory was purified as described ( 42 ). The
piPolB was purified as untagged recombinant protein as re-
ported previously ( 39 ). 

Unless otherwise stated, piPolB isothermal MDA reac-
tions were performed employing 250 nM piPolB in the pres-
ence of 20 ng of either M13 ssDNA (m13mp18, NEB), ds-
DNA (m13mp18 RF I, NEB) or genomes mixture DNA.
The piPolB MDA reactions contained 50 mM Tris–HCl pH
7.5, 1 mM DTT, 4% (v / v) glycerol, 0.1 mg / ml BSA, 0.05%
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discarded. 
v / v) Tween 20, 20 mM MgCl 2 , 500 �M dNTPs, 10 mM
mmonium sulfate, in a final volume of 10 �l for 30 ºC for
6 h. Characterization of piPolB amplification product was 
erformed by digestion of the indicated volume of amplifi- 
ation product with di v erse nucleases. Samples treated with 

.2 U / �l Micrococcal Nuclease (Worthington) were incu- 
a ted a t 37 ºC for 2 h in 50 mM Tris–HCl pH 7.5, 1 mM
TT, 4% (v / v) glycerol, 0.1 mg / ml BSA, 0.05% (v / v) Tween

0, 25 mM CaCl 2 . 1 U / �l or the indica ted concentra tion of
coRI-HF, HhaI, or MnlI was at 37 ºC for 2 h (EcoRI-HF)
r 3 h (HhaI or MnlI) in rCutSmartTM Buffer (NEB). Nu- 
lease S1 (Boehringer Mannheim) was tempered at 37 ºC for
 min before the incubation with the sample at 37 ºC for 1
in in Reaction Buffer for S1 nuclease (Fermentas). After 

he digestion, enzymes were inactivated according to man- 
facturer’s instructions. 
The so-called primer-independent DNA amplification 

rotocol (piMDA) (see below) reactions were performed in 

5 mM Tris–HCl pH 7.5, 1 mM DTT, 0.1 mg / ml BSA, 10
M ammonium sulfate, 50 nM piPolB, 500 nM � 29DNAP, 

0 mM MgCl 2 and 500 �M dNTPs. In the piPolB + D
nd piMDA + D protocols, DNA was subjected to a pre- 
ious dena tura tion step with 75 mM NaOH in a volume 
f 5 �l for 3 min, and subsequently neutralized adding 5 

l of 250 mM Tris–HCl pH 7.5. Amplification reactions
ere carried out at 30 ºC for 3 h unless other conditions
re specified. Reactions were terminated by heating sam- 
les at 65 ºC for 10 min. MDA controls were performed em- 
loying a random-primers-based MD A (RP-MD A) kit as
andom-primer-based method: Repli-g Mini Kit from QI- 
GEN; and a TruePrime-based-MD A (PrimPol-MD A) kit:
ruePrime Whole Genome Amplification Kit from 4Base-
io. Manufactur er’s specifications wer e followed in com- 
er cial protocols. Furthermor e, a final heating step at 65 ºC

or 10 min was always conducted for protein inactivation in
DA protocols.
Electrophoresis analyses of amplification product were 

arried out by digestion of 2 �l (for amplification of cir- 
ular DNA) or 5 �l (for samples from metagenomic DNA) 
f each reaction with 1 U / �l EcoRI or EcoRI-HF at 37 ºC

n a final volume of 10 �l prior to electrophoresis in 0.7% 

garose 1X-TAE and visualized with ethidium bromide 
Sigma-Aldrich) or GreenSafe Premium (NZYTech). 

Absolute amplification measure of DNA input sample 
nd amplification products was performed by fluorescence 
uantitation with the AccuBlue High Sensitivity dsDNA 

uantitation Kit (Biotum). Black opaque microplates with 

6 wells (Greiner) were used for accomplishing the fluo- 
 escence r eactions which wer e measur ed with FLUOstar 
mega (BMG Labtech). 

mplified metagenomes sequencing and reads processing 

ontrol genomic DNA and amplification products were 
thanol-precipitated and ∼1 mg of DNA was sheared into
350-bp fragments using a Covaris M220 focused acous- 

ic shearer (Covaris, Woburn, MA, USA) following the
anufacturer protocol. Sequencing libraries were prepared
ith the TruSeq DNA PCR-Free Low Throughput Library
rep kit (Illumina) according to the manufacturer’s proto- 
ol. Samples were then sequenced in the Illumina NextSeq 

50 with the 2 × 75 bp NextSeq V2.5 High Output kit, at
enoinseq - Next Generation Sequencing Unit (Biocant, 
antanhede). 
Adapters and low-quality reads were filtered with Trim- 
omatic v.0.35 (parameters: LEADING:3 TRAILING:3 

LIDINGWINDOW:4:20 MINLEN:35). Quality check 

QC) before and after trimming was performed with Seqkit 
2.3 ( 43 ) and FastQC v0.11.9 ( https://www.bioinformatics. 
abraham.ac.uk/projects/fastqc/ ), and individual reports 
ubsequently aggregated with MultiQC 1.11 ( 44 ) for com- 
arison. 
Trimmomatic filter ed r eads wer e used for de novo 

rofiling using Metaphlan v.4.0.0 ( 45 ) using the – 

nclassified estimation option. Additionally, trimmed 

 eads wer e mapped against the r efer ence genomes with 

owtie2 v2.3.5.1 ( 46 ) and further analyzed for coverage 
epth, breadth, and aligning mismatches with Weesam v1.6 

 https://bioinformatics.cvr.ac.uk/weesam- version- 1- - 5/ ) 
nd Alfred v0.1.16 ( https://www.gear-genomics.com/ 
lfred ). 
Fastp ( 47 ) was additionally used to obtain a list of over- 

 epr esented sequences in each dataset or raw reads. Iden- 
ification of low-complexity sequences in Metaphlan un- 
lassified reads was performed with BBduk ( https://jgi.doe. 
ov/data- and- tools/software- tools/bbtools/ ). GC bias was 
ssessed using Picard tool CollectGcBiasMetrics ( https:// 
roadinstitute.github.io/picard/ ). 
Trimmomatic filter ed r eads from each sample wer e as- 

embled with metaSPAdes ( 48 ). Genomic assemblies were 
nalyzed as minimal metagenomes with Metaquast ( 49 ) and 

lso annotated with Bakta ( 50 ). Comparati v e assessment 
f k-mers di v ersity pr esent in the r eads and in the cor-
esponding assembly was carried out with KAT ( 51 ) us- 
ng a K-mer size of 16, according to the size of the am- 
lified metagenome, as suggested previously ( 52 ). Single- 
ucleotide variants (SNV) detection with Snippy 4.6.0 

 https://github.com/tseemann/snippy ). Finally, MetaCoAG 

 53 ) was used for de novo metagenomes binning (cover- 
ge > 5% and P -value < 10 

–10 ) and bins were assigned to
 efer ence genomes using Mash distances ( 54 ). 

ata analysis 

ata were analyzed using R and RStudio ( 55 ) and plots 
ere generated with ggplot2 package ( 56 ). The final fig- 
res also contain minor modifications made with Illustrator 
Adobe). As indicated, analysis of inter-groups significant 
ifferences was carried out by pair-wise t -test or Wilco x on 

ank tests, when normality and homogeneous variance test 
rescribed the use of non-parametric analyses. 
The correlation between normalized coverage and fre- 

uency of sequence windows at each GC content from Pi- 
ard output was analyzed using the Corrplot package ( 57 ). 
utliers that would impair these analyses wer e r emoved as 

ollows. For metagenome correlation analyses GC values 
elow 20% and over 80% were removed. In the case of cor- 
elations for individual reference genomes (Figure S6), GC 

ontents with a sequence windows frequency below 10 were 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://bioinformatics.cvr.ac.uk/weesam-version-1--5/
https://www.gear-genomics.com/alfred
https://jgi.doe.gov/data-and-tools/software-tools/bbtools/
https://broadinstitute.github.io/picard/
https://github.com/tseemann/snippy
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RESULTS 

Primer-independent isothermal MDA by recombinant piPolB

The DN A priming ca pacity of piPolB to gether with a 3’-
5’ exonuclease proofreading activity and strand displace-
ment capacity ( 39 ) make it a promising candidate for use
in DNA synthesis by isothermal multiple displacement am-
plification (MDA). As shown in Figure 1 A, piPolB can
amplify both single- and double-stranded DNA starting
from 1 and 10 ng of input nucleic acid, respecti v ely. Sim-
ilar to other MD A protocols, piPolB MD A is affected by
high ionic strength and requires magnesium as a cofactor
(Figure S1A). 

As e xpected, gi v en the limited processi vity of piPolB (1–
6 kB, see ( 39 )), the amplified DNA product migrated as a
smear in agarose electrophoresis, e v en after digestion with
a single-site restriction enzyme that would generate unit
length only if long concatemers were produced (see below).
Digestion of DNA product synthetized by piPolB with dif-
ferent nucleases (Figure 1 B and Figure S1C) indicates that
piPolB synthesizes dsDNA by means of repeated initiation
e v ents that gi v e rise to hyperbranched dsDNA structures in
which fragments longer than unit length (in this case 7.25
kb) would be a minority (Figure 1 C). 

To obtain larger DNA products we then combined
piPolB with � 29DNAP (Figure 2 ). As expected,
� 29DNAP can extend DNA fragments generated by
piPolB, resulting in long amplicons that in the case of
plasmid substrates are made up of conca temers tha t can
be digested into unit-length fragments. This new protocol
also allows the amplification of smaller amounts of DNA,
especiall y for dsDN A (Figure 2 B). Amplification of ds-
DNA (plasmid or metagenome) is impaired with increasing
piPolB concentration, likely due to competition between
the two DN A pol ymerases for the free 3’OH ends, which
would be more scarce for dsDNA than for ssDNA. How-
e v er, the amplification yield correlates with � 29DNAP
concentra tion, suggesting tha t it is responsible for the
main amplification product. This combined protocol of
piPolB+ � 29DNAP in a single step will be r eferr ed to
hereafter as piMDA or piMDA + D, when a dena tura tion
step was performed previously. 

To evaluate the amplification efficiency of the piPolB
MD A and piMD A methods in detail, we pr epar ed a ge-
nomic DNA sample (see Methods) consisting of four
genomes from Gram-positi v e and Gram-negati v e bacteria,
of different sizes (2.7–6.5 MB) and moderate to high (45–
70%) GC content. The final sample (Table S1) is approxi-
mately 18 MB long and has an average GC content of 58%.
This sample was used for comparati v e MDA assays with
piPolB-based protocols and two commercially available kits
based on � 29DNAP, namely RepliG (Qiagen) for Random-
Primers MD A (RP-MD A) and TruePrime (4BaseBio) for a
primase-based MD A (PrimPol-MD A). The r esults (Figur e
3 and Figure S2) show that the piPolB MDA protocol is
comparable to the availab le MDA alternati v es in terms of
DNA yield, but the yield of the piMDA method, especially
the version with a DNA dena tura tion step (piMDA + D),
outperforms the classical, random-primers based MDA
(RP-MDA) in amplifying of our genomic sample. Under
these conditions, amplification using the RP-MDA method
was significantly less producti v e than the other methods,
likely due to the abundance of high-GC sequences in the
analyzed sample. 

High sequencing depth underscores the need for a highly pro-
cessive DNA polymerase in MDA 

Samples from MDA experiments of the genomes mix-
tur e wer e sequenced using a PCR-fr ee library pr eparation
and short reads paired-end strategy to minimize the se-
quencing bias ( 58 ). The amplification products of piMDA,
piMDA + D, and RP-MDA and the nonamplified control
samples (NA) were analyzed in duplicates from indepen-
dent amplification experiments (Table S2). Deep sequenc-
ing yielded an average total length of > 280 × of the input
metagenome and provided high sequence coverage for all
samples. 

Adaptor trimming and quality filtering re v ealed the first
differences between samples, with reads from piPolB and
piPolB + D MDA products having lower average quality
scores (Table S2) and a higher proportion of reads discarded
at this stage (Table S3). This suggests that library genera-
tion was defecti v e in these samples, likely due to the hyper-
branched structure of the amplified DNA product gener-
ated by piPolB. This could hinder the generation of a ho-
mo geneous DN A shearing and ada pter ligation, making de-
tailed evaluation of the piPolB and piPolB + D MDA meth-
ods difficult. 

As expected for DNA sequences obtained by MDA,
the quality assessment also showed that all samples con-
tained more over-duplicated reads (duplication le v el > 3–4)
than the non-amplified control samples (Figure 4 A). Impor-
tantly, the proportion of duplicated reads was lower for the
piMD A and piMD A + D samples than for RP-MDA and
PrimPol-MDA up to a duplication le v el ≤10, suggesting
that the latter protocols are more prone to ov er duplication
of some sequences. Howe v er, the piP olB and piP olB + D
samples contained a higher proportion of highly duplicated
sequences. This pattern would be consistent with repetiti v e
initiation e v ents followed by distributi v e strand elongation,
resulting in a biased amplification product. 

Sequence co ver age bias is highly dependent on GC-content 

The GC content of the input genomic mixture is 57.70%
(Table S1), which is very similar to the value obtained
in the non-amplified samples, rendering curves with two
peaks, one around 45% GC, which would correspond to
the genomes of E. coli and B. subtilis and the second up
to ∼68% GC, corresponding to the GC content of P. aerug-
inosa and K. rhizophila (Figure 4 B). Howe v er, the av erage
GC content in RP-MD A ( ∼44%), PrimPol-MD A ( ∼46%),
piPolB + D MDA( ∼46%) and piPolB MDA ( ∼42%) is re-
duced because the peak of high-GC content is absent from
the curves, indicating a strong negati v e GC bias. On the
other hand, the reads from the piMDA and piMDA + D
products show a positi v e GC bias as their av erage GC con-
tent ranges from 60 to 65% and shows curves with a main
peak at 70% GC and a shoulder around 50% GC. 

We then performed the profiling of the raw data of each
sample against a recently curated microbial database using
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Figure 1. Isothermal multiple displacement amplification by piP olB (piP olB-MDA). ( A ) Agarose electrophoresis of EcoRI-digested product from single- 
str anded and double-str anded DNA amplification by piPolB. ( B ) Digestion anal ysis of amplified DN A product. Amplification r eactions wer e performed 
with 1 ng input ssDNA and subsequently digested with increasing concentrations (0.07, 0.7 and 7 units) of EcoRI (single-site) and two different promiscuous 
restriction enzymes, HhaI (26 sites) and MnlI (62 sites). As indicated 200 ng of M13 dsDNA was also digested as a control (lanes 13–15). Lane 12 
corresponds to undigested M13 dsDNA, thus containing supercoiled and relax circular forms. Migration of linear M13 is indicated with a black arrow 

(7.25 kb). ( C ) Schematic r epr esentation of piPolB MDA DNA product as an hyperbranched DNA structure because of multiple initiation e v ents. Thus, 
single-site enzymatic digestion gi v es rise to a mixture of small fragments, unit-length molecules and branched molecules that move slower than unit length. 
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etaphlan ( 45 ). As shown in Figure 4 C, reads from the
onamplified control samples show an ov erall e v en distribu- 
ion among the four species that make up the mixture, with 

mall differences between duplicates resulting in a slight 
nderr epr esentation of the larger genome of P. aeruginosa 

nd an overr epr esenta tion of the modera te-GC sequences 
f the B. subtilis genome, consistent with the expected bias 
nd variability resulting from library preparation and short 
eads sequencing ( 58 , 59 ). Howe v er, the random-primers- 
nd PrimPol-based MDA promoted a very strong under- 
 epr esentation of high-GC genomes ( K. rhizophila and P. 
eruginosa ) and, in turn, an overr epr esentation of E. coli 
nd especially Bacillus sequences. In contrast, the DNA 
amples generated with the piMDA and piMDA + D proto- 
ols contain some overr epr esentation of genomes with high- 
C content compared to the NA samples, although they 

re distributed across the four species and show the high- 
st relatedness to the non-amplified samples (Figure S3). 
trikingly, the samples from piPolB and piPolB + D MDA 

ontain a high proportion of unknown DNA sequences. 
he proportion of unknown DNA sequences decreases with 

he addition of the previous DNA dena tura tion step in 

iPolB + D MDA, suggesting that amplification specificity 

ncreases when access to the DNA priming substrate is fa- 
ored by double helix dena tura tion. Accordingly, a negligi- 
le number of unclassified reads in piMDA reads (around 
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Figure 2. Proficient isothermal DNA amplification by piPolB coupled to � 29DNAP (piMDA) generates long amplicons. ( A ) EcoRI-digested DNA prod- 
ucts of piMDA product on different DNA substrates re v eals the formation of long dsDNA amplicons, larger than the M13 genome unit, increasing the 
sensitivity for amplification of ssDNA (lanes 1–9) and, especially, dsDNA substrate (lanes 10–17). The ratio of piPolB: � 29DNAP affects the DNA yield 
on DNA amplification of plasmid (M13, black arrow). ( B ) and a mock metagenomic DNA (mgDNA, C ). 
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Figure 3. Time-course assays of dif ferent DNA amplifica tion protocols. Quantifica tion of piPolB-based MDA protocols and commercially available 
random-primers MD A and PrimPol-MD A DNA products. Amplification assays with commercial kits were performed following manufacturer’s instruc- 
tions. W hen indica ted (+D), a prior alkaline dena tura tion step was performed for piPolB and piMDA protocols. Four independent MDA experiments with 
0.4 ng / �l genomic DNA input were quantified after the indicated amplification time at 30 ºC. Significant p-values from unpaired Wilco x on rank sum tests 
for pairwise comparisons of DNA product / hour are indicated above the graph. 
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%) is absent in the samples obtained piMDA + D pro- 
ocol. Importantly, the fact that these unknown sequences 
ave no similarities in the metaphlan database rules out 
he presence of contaminated DNA in any of the samples 
nalyzed. 

The poor quality control and profiling results of the se- 
uencing data of piP olB and piP olB + D DNA amplifi- 
a tion suggest tha t piPolB may be able to perform ab ini- 
io DNA synthesis, independent of primers and template. 
b initio DNA synthesis has been described in various 
N A pol ymerases since the 1960–1970s, and its contribu- 

ion in vivo and in vitro to the bulk of DNA synthesis is 
ontroversial ( 40 ). The mechanism of generation of these 
ndirected DNA products is poorly understood, but the 
haracterization of the ab initio activity of Bst DN A pol y- 
erase indica ted tha t it is strongl y stim ulated by DN A nick-

ses and it results in low-GC content DNA enriched in 

on-palindromic repetiti v e sequences ( 40 , 60 ). In the case 
f piPolB, prolonged incubations of MDA assays in the 
bsence of input DNA (Figure S4), confirmed the spuri- 
us amplification. Extraction of the overr epr esented in for- 
ar d and re v erse reads of piP olB and piP olB + D ampli-
ed samples shows that they consist of similar repetiti v e 
equences (Tables S9–S12). Furthermore, examination of 
he unmapped reads from the Metaphlan database shows 
hat the addition of a denaturation step not only increases 
apping efficiency but also decreases the proportion of low 

omplexity reads, from 12.6% in piPolB MDA to 0.25% in 

iPolB + D MDA, similar to the le v el in any of the other
amples (Table S4). These results, together with a lower GC 

ontent in piPolB than in piPolB + D raw reads (Figure 
 B) but not in the mapped reads (see below and Figure 6 E),
oints to ab initio DNA synthesis by piPolB that would be 
educed when access to single-stranded DNA is facilitated 

y the dena tura tion step. 
In conclusion, the use of piPolB for MDA as a single en- 

yme is hampered by the limited processivity of the enzyme 
s well as by spurious DN A synthesis, w hereas its combina- 
ion with � 29DNAP reduces or eliminates ab initio DNA 

ynthesis and allows proficient whole genome amplification 

ith a sequence profiling similar to that of the unamplified 

ample. 

C bias affects co ver age depth, br eadth and amplification 

delity. 

e then analyzed the mapping, coverage, and alignment 
isma tch sta tistics of each sample with the independent 

 efer ence genomes in our genomic mixture. As a reference, 
igure 5 shows the coverage plots for the E. coli (A) and 

. rhizophila (B) genomes. The control NA samples show
he most consistent coverage, although they contain spikes
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Figure 4. Characterization of the reads from each MDA experiment. Trimmomatic output files containing paired and unpaired reads from forward and 
re v erse raw reads were analyzed with FastQC and subsequently evaluated for metagenome profiling with Metaphlan4. ( A ) The relati v e le v el of duplication 
found in each sequence. The piP olB and piP olB + D overr epr esented sequences were also extracted with Fastp (see Tables S9-S12). ( B ) GC content 
pr oportion per sample. ( C ) Pr ofiling of reads across the Metaphlan da tabase a t the species or genus le v el. Unclassified r eads ar e also indicated. For 
simplicity, samples in A and B ar e color ed by MDA method, although pair ed and unpair ed r eads for each of the ele v en samples sequenced ar e r epr esented. 
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Figur e 5. Ma pping coverage of sequenced samples across the r efer ence genomes of E coli ( A , 50% GC) and K. rhizophila ( B , 70% GC). Av erage cov erage 
depth, ×0.2, and ×1.8 ranks are indicated with a green, orange, and red dotted line, respecti v ely. Plots were generated using weeSAM (see Methods). 
Note that a different Y-axis scale was calculated for each sample, see Figure 8 for a coverage plot with a constant scale per sample. As indicated, mapping 
coverage is shown for one sample of each protocol. A full report with all samples mapping over the four r efer ence genomes is available at the online Github 
r epository ( https://mr edr ejo.github.io/pimda/w eeSam/w eesam full.html ). 

https://mredrejo.github.io/pimda/weeSam/weesam_full.html
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Figure 6. Coverage of r efer ence genomes mixture by different MDA protocols. Mapping reads rate ( A ), coverage breadth ( B ) and average depth ± standard 
deviation ( C ) were analyzed using Weesam v1.6. The small points in panel C represent the coverage variation coefficient per r efer ence genome (right axis). 
The dashed horizontal line marks the value 1 for a homogeneous coefficient of variation. The overall mismatch rate ( D ) was obtained using Alfred v.0.1.16. 
( E ) Normalized sequence coverage by sample reads at a gi v en GC content was determined using Picard v2.25.0. Percentages of GC in the r efer ence sequence 
are determined from sequence bins of 100 bases, whose abundance is shown as steel blue bars (right axis). The horizontal line r epr esents the r efer ence value 
of homogeneous coverage at all GC content values. The average GC content of each sample and the correlation of normalized coverages to sequence 
abundance at each GC content (95% confidence interval) are also shown in the right panel. Nonsignificant R coefficients ( P > 0.05) are shown in grey. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of overr epr esented sequences that range up to 10-fold the
average depth. Mapping of reads from the RP-MDA and
PrimPol-MDA samples shows a jittered but overall uniform
plot in the E. coli genome, b ut covera ge of K. rhizophila is
scattered with some regions of great depth coverage. In the
case of the piPolB and piPolB + D samples, the plots indi-
cate an une v en cov erage depth, with peaks of strongly over-
r epr esented sequences and a low average depth, resulting in
a high standar d de viation of depth, especially in the piPolB
r eads (Figur e 6 C). As for the piMD A and piMD A + D
reads, the mapped reads show a high jitter but an overall
similar profile for all r efer ence genomes with few large peaks
of overr epr esented sequences but with high coverage of ref-
erence genomes with high-GC. 

The proportion of mapped reads (Figure 6 A) agrees with
the profiling r esults (Figur e 4 C). We also analyzed the
Weesam coefficient of coverage variation, which indicates
the variability of coverage depth and breadth, with val-
ues > 1 (Figure 6 C) considered indicati v e of non-uniform
coverage. High-GC genomes of P. aeruginosa and K. rhi-
zophila are covered by RP-MDA, PrimPol-MDA, piPolB-
MDA, and piPolB + D-MDA with lower depth, with the
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Figur e 7. Assembl y of amplified sequences. Metaspades (v. 3.13.1) de novo-g ener ated assemblies were analyzed with MetaQuast v. 5.1.0rc1 using the 
indicated genomes as r efer ences (Table S1). ( A ) Number of contigs (large points) and the L50 (small points), i.e. the smallest number of contigs whose 
length sum makes up half of the genome size. ( B ) Mismatches (big points) and the number of insertions and deletions (small points) per 100 kb. ( C ) Total 
number of misassemblies (big points) and local misassemblies (small points). ( D ) Number of contigs per r efer ence genome. Non-aligned contigs are also 
shown. ( E ) Mismatches per genome and per 100 kb are represented normalized to the control NA sample. 
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eads from both RP-MDA samples with a distinct higher 
oef ficient of varia tion (Figure 6 C). This is consistent with 

ow depth and br eadth (Figur e 5 and Figure 6 B) of the high-
C r efer ence genomes and also with pr evious r eports ( 61 ).
his less proficient amplification of high-GC sequences is 
lso reflected in a higher misma tch ra te of the RP-MDA 

nd PrimPol-MDA methods for these genomes (Figure 
 D). Howe v er, the samples generated by the piPolB and 

iPolB + D MDA protocols include a lower amplification 

delity of B. subtilis r efer ence sequences that also exhibits 
igher depth standard deviation suggesting that overam- 
lification may be the reason for the lower replication fi- 
elity. In contrast, the piMDA(+D) samples show a more 
niform average coverage depth of the four genomes, al- 
hough with a lower depth for the E. coli and B. subtilis ref-
rence genomes and a similar mismatch rate for all r efer ence 
enomes as the control samples. Detailed analysis of GC 

ias in the genomes mixtur e (Figur e 6 E and Figure S5) high-
ights the differences in high-GC content samples, with a 

ignificant negati v e correlation of coverage per GC content 
ot only in the RP-MDA and PrimPol-MDA samples but 
lso in the NA control samples, indicating a negati v e effect 
f the sequencing method in our sample, likely at the library 

reparation step ( 58 , 62 ). Thus, the normalized coverage in 

he control NA samples decreases from ∼1.2 to ∼0.8–0.9
t GC content above 50–55%. In line with pr evious r esults, 
he piPolB(+D) amplification gi v es rise to scattered peaks 
f highly overr epr esented sequences encompassing 30–50% 

C content. 
Previous analysis of GC bias induced by PrimPol-MDA 

ethod shows some discrepancies that might be due to the 
if ferent na ture of the amplified sample, as it was reported 

o have a minor negative GC bias, similar to that of RP- 
DA in human DNA ( 37 ) but it outperformed the clas- 

ic MDA protocol on metavirome amplification ( 38 ). In our 
enomes, we found that PrimPol-MDA exhibits strong neg- 
ti v e GC bias, onl y slightl y less pronounced than the RP-

DA samples. Thus, both sets of samples show a statisti- 
ally similar (Table S5) normalized coverage of over 2.5 at 
ow-GC content, dropping to 0.1–0.2 at a high-GC content 
f > 60%. Contrary to that and consistent with the profil- 

ng results, the piMDA and piMDA + D assays promoted 

 significant bias toward high-GC sequences, but with a 

ore balanced normalized cover age, r anging from 0.4–0.5 

t 45% GC content ( B. subtilis ) to 1.4–1.7 at 70% GC ( K. rhi-
ophila ). The analysis of GC bias per r efer ence genome sug- 
ests that bias is higher in intermediate-GC genomes, and it 
lso re v eals certain differences between duplicates (Figures 
5 & S6). Ne v ertheless, pairwise comparisons of the nor- 
alized coverage of all samples show that piMDA + D sam- 

les are not statistically different from the non-amplified 

amples (Table S5). 
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All in all, the piMDA and piMDA + D methods provide
reasonab le cov erage at any GC value, with higher coverage
for sequences with high-GC content. 

Extraction of high-quality genomes from high-GC bacterial
genomes amplified with piMDA 

We then attempted to assemble the reads to compare
the assembled sequences and considered them as a min-
imal metagenome and evaluate the extraction of individ-
ual genomes. We could obtain de novo assemblies with
Metaspades, except for reads from the piPolB MDA sam-
ple, which could not be assembled due to the abundance
of low-complexity sequences. The assembly statistics (Fig-
ure 7 and Table S6) and circular visualization (Figure 8 )
show that the obtained assemblies appear to be different
from the r efer ence genome for all samples of the P. aerug-
inosa genome. On the other hand, the obtained B. subtilis
110NA assemblies in all samples have a gap corresponding
to the expected deletion across the Spo0A gene ( 41 ). In con-
trast, the assemblies of E. coli and K. rhizophila match the
r efer ence genomes very well in most samples. 

The number and length of contigs in the final assem-
blies were similar in NA, PrimPol-MD A, piMD A and
piMDA + D samples (Table S6 and Figure 7 ). The assem-
bly of piPolB + D sample, and its reads were also assem-
bled in a higher number of contigs and the L50 was the
largest obtained, which also indicates the presence of sev-
eral small contigs, mostly from E. coli and B. subtilis . The
RP-MDA assembly has a very high number of contigs (Fig-
ure 7 A), suggesting many small contigs with high-GC con-
tent ( > 50%, see Figure S7) mapped to the genomes of P.
aeruginosa and K. rhizophila . Accordingly, this assembly
also had a higher number of misassemblies and mismatches,
mainly related to the K. rhizophila sequences. The assem-
bly of the PrimPol-MDA sample also contains a large num-
ber of small contigs with very high-GC content ( < 60%),
but the assembly show a better quality. K-mer comparison
of reads and assemblies indicated that, as expected, only
the piPolB + D sample contain a high number of k-mers
excluded from the assembly and RP-MDA, RP-MDA2,
PrimP ol-MDA and piP olB + D samples contain k-mers in
the reads occurring > 2 times in the assembly, in agreement
with a higher le v el of biased overamplification (Figure S8).
Finally, the annotation of all the sequences was very similar,
except for those from RP-MDA and piPolB + D amplified
DN A, w hich span lower coding density and a higher num-
ber of pseudogenes, most likely as a consequence of poor
assemb ly (Tab le S7). 

For short variant calling, we used the Snippy caller, which
was recently benchmarked as the best variant caller for mi-
crobial genomes and showed both strong and consistent
performance across species ( 63 ). The capacity of variant
calling varied widely among samples (Table S8). For exam-
ple, RP-MDA and piPolB(+D) amplification result in poor
variant detection of both single nucleotide polymorphisms
(SNPs) and complex variants. It should be noted that with
the exception of samples N A and N A2, w hich can call the
same SNVs, there are differences between the duplicates
and the second batch of sample sequencing in the case of
RP-MD A, piMD A and especially piMD A + D allow bet-
ter variant detection, with piMDA + D2 being identical to
the control samples. Ne v ertheless, the PrimPol-MDA and
piMDA(+D) methods show similar and good performance
in variant detection, with up to 60–80% of variants coincid-
ing with the non-amplified samples. 

We then performed r efer ence-fr ee contig binning of the
assemblies to test whether amplification affected the ex-
traction of the metagenome-assembled genomes (Figure 9 ).
We used MetaCoAG because it generates contig bins with
abundance, base composition, and connectivity informa-
tion from assembly graphs to produce high-quality bins
( 53 ), which we then assigned to the corresponding reference
genome. As expected from the high coverage breadth and
the statistics of the assemblies, the E. coli genome in all the
samples can be assigned to a single bin covering 95–98%
of the r efer ence genome, wher eas the genomes of B. subtilis
and P. aeruginosa were more une v enly cov ered by the ob-
tained bins. Consistent with the above results, the contigs
of the RP-MDA assemblies result only in bins covering half
of the genomes of P. aeruginosa and K. rhizophila . Inter-
estingly, all other assemblies yield a similar binning profile,
e v en the piPolB + D assembly, although supported by an
overall lower coverage depth and breadth. 

DISCUSSION 

Performance of piPolB in alternative MDA methods 

The combination of 5’-3’ DN A pol ymerase and DNA pri-
mase activities, coupled with 3’-5’ proofreading, together
with the ability for translesion synthesis and strand dis-
placement capacity, suggests that the recombinant E. coli
piPolB has potential for its application in novel MDA meth-
ods ( 39 ). Here we de v eloped ne w MDA protocols consist-
ing of the use of piPolB as a single enzyme or coupled with
another faithful, highly processi v e DN A pol ymerase, such
as � 29DNAP. The performance of these new methods was
analyzed in comparison with commercially available MDA
kits for amplification of genomic sequences with moderate
(45%) to high-GC content (70%), to evaluate the GC bias
of each method, which has been described in detail as a ma-
jor source of bias in MDA as well as in short-read high-
throughput sequencing ( 26 , 28 , 38 , 59 , 62 ). We performed a
detailed comparati v e analysis of the short reads sequenced
samples, either unamplified or after isothermal 30 ºC am-
plification with different piPolB-based protocols. Sequenc-
ing of DNA products synthesized with piPolB MDA has
re v ealed two major drawbacks to using this DN A pol y-
merase as a single synthesizing enzyme. First, the piPolB
DN A product a ppears to have a hyperbranched structure
r esulting from r epeated priming e v ents, which may im-
pair competent WGA and also hinders sequencing library
preparation. We also detected a high proportion of un-
known DNA sequences. Random primers and the pres-
ence of preexisting contaminant DNA have been r eferr ed
to as the main sources of artifacts in MDA ( 24 , 25 , 27 , 64 ),
but that spurious DNA has not yet been analyzed in de-
tail by high-throughput sequencing. In the case of the
piPolB MDA products, ther e ar e no RPs in the reaction and
high-throughput sequencing ruled out contamination for
the not assigned reads during Metaphlan profiling. There-
fore, we hypothesized that piPolB is capable of synthesiz-
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Figure 9. Sample binning for each amplification protocol. Bins were reference-free extracted with MetaCoAG (–mg threshold 0.4 –bin mg threshold 0.2) 
and subsequently assigned to a r efer ence genome using the smallest Mash distance. The proportion (%) of each bin spanned in its r efer ence genome is 
indicated and it is r epr esented accumulated in the Y axis up to the full genomes mixture (up to 400%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ing DNA in a template-independent manner, commonly re-
ferred to as ab initio DNA synthesis. Although neglected
or controversial in the literature, ab initio DNA synthesis
has been reported for se v eral DN A pol ymerases, particu-
larly those of ancient origin ( 65–68 ), as is likely the case
for piPolB ( 39 ). Consistent with the literature, these spu-
rious DNA products generated by piPolB consist of low-
comple xity, repetiti v e, and low-GC DNA sequences (Ta-
b les S9-S12). Ov erall, these results highlight the limitations
of piPolB for MDA, but also caution against the pres-
ence of ab initio DNA synthesis in whole-genome amplifi-
cation reactions under certain reactions, that may be over-
looked in MDA products. We belie v e that this should be
further addressed in the future by de v eloping modified pro-
tocols that could control this activity using SSBs or other
factors that can pre v ent the production of spurious DNA
( 69 ). 

The interplay of piPolB and � 29DNAP in the new piMDA
protocol outperforms available MDA kits in amplifying se-
quences with high-GC content 

As expected ( 28 ), GC bias in the amplified samples is the
major limitation to homogeneous and reliab le cov erage and
hinders the sequence assembling. Despite the low complex-
ity of the amplified genomic sample, we found large dif-
ferences in sequence coverage and assembly quality among
the different WGA protocols tested. Thus, WGA amplifi-
cation with the traditional random-primed MDA protocol
was particularly poor for the genomes with high-GC con-
tent and promoted a very strong bias toward intermediate-
GC sequences. This negati v e bias was only slightly reduced
in the sample generated with PrimPol-MDA, with a simi-
lar pattern of overr epr esented sequences. Despite a bias to-
ward high-GC sequences, the combination of piPolB and
� 29DNAP achie v ed a more competent amplification of our
sample , obtaining good assemblies , comparable to those of
unamplified control samples. 

Pr evious analyses r eported either similar GC bias in RP-
MD A and PrimPol-MD A ( 37 ) or better GC r epr esentation
in PrimPol-MDA ( 38 ), using different DNA samples. Con-
sistent with the latter, the use of T7 gp4 primase-helicase
instead of random primers (pWGA) reduced GC bias and
allowed the identification of high-GC species missing in
MDA product, although overr epr esentation of intermedi-
ate GC sequences was still similar to classical MDA ( 26 ).
In this case, the authors proposed that the helicase activity
of gp4 might favor the amplification of high-GC sequences
( 26 ). In the piMDA and piMDA + D methods, the prim-
ing and initial DNA synthesis are performed by the piPolB,
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hose strand displacement capacity might play a similar 
ole. Howe v er, piPolB shows a strong bias towards 40–50% 

C when used alone for MDA, downplaying that mech- 
nism. Moreover, the alkaline dena tura tion step increases 
he coverage depth and breadth of all the r efer ence genomes 
Figure 6 B), suggesting that high-GC content limits the ini- 
iation and also the elongation of new DNA strands by 

iPolB, downplaying a relevant contribution of strand dis- 
lacement capacity to reduce GC bias. 
Remar kab ly, in RP-MDA, PrimPol-MDA and 

iMDA(+D) most of the amplification is performed 

y the same enzyme, the � 29DNAP, suggesting that 
he random primers or the onset of DNA synthesis are 
he key factors determining the GC bias. The random 

rimers used in MDA are usually 6-mers, and the primers 
f PrimPol or gp4 are also very short DNA or RNA 

ligonucleotides, respecti v ely ( 37 , 70 ). Howe v er, piPolB can
rocessi v ely synthesize longer DNA molecules of up to 6 

b ( 39 ). Conversely, greater stability of high-GC sequences 
ould reduce processivity and possibly favor dissociation 

f piPolB and distributi v e DNA synthesis. This would 

enerate a higher number of initiation products, albeit 
onger than random primers or PrimPol / gp4-synthesized 

rimers, which in the case of piMDA(+D) could be re- 
umed processi v el y by the � 29DN AP. This is consistent
ith the fact that the dena tura tion step, which would allow 

 higher rate of priming e v ents by piPolB, slightly increases 
he GC bias in piMDA + D but not in piPolB + D (Figure
 ). 

Furthermore, because piPolB exhibits translesion synthe- 
is capacity ( 39 ), it is reasonable to speculate that piPolB- 
edia ted WGA may of fer some advantages in amplify- 

ng damaged DNA, which is often present in metagenomic 
NA samples. Howe v er, since piMDA uses � 29DNAP as 

he main amplification enzyme, we do not expect significant 
iffer ences compar ed with r ela ted MDA methods. Ra ther, 
n improved WGA method based only on piPolB would be 
ore suitable for damaged DNA samples. 

onsistency of piMDA performance among duplicates and 

rotocol modifications 

he high number of reads obtained and the use of dupli- 
ates for some of the samples allowed us to analyze in de- 
ail the performance and variability of each of the ampli- 
cation methods used and also the TruSeq library gener- 
tion and Illumina sequencing. The overall results of the 
uplicate samples are very similar, although the results of 
he second sequencing batch resulted in a slightly lower GC 

ias and a better assembly that contained fewer and larger 
ontigs and fewer misassemblies, among other parameters 
Tables S6–S8). Population variant detection was also better 
or samples from the second sequencing batch, particularly 

or RP-MDA2 and piMDA + D2 samples, as compared 

ith RP-MDA and piMDA + D, respecti v ely. Indeed, vari- 
nt calling in the piMDA + D2 sample was almost identical 
o the NA samples.Although conventional MDA protocols 
ike the commercial kits tested in this work include a DNA 

ena tura tion step, we found that piPolB can perform MDA 

ith dsDNA templates and decided to analyze the quality 

f the DNA products obtained with and without prior de- 
a tura tion. As expected, the dena tura tion step increases the 
mount of synthesized DNA with shorter reaction times in 

iMDA + D compared to the piMDA protocol (Figure 3 ). 
n addition, it increases the alignment rate of reads to refer- 
nce genomes (Figure 6 ) and improv es assemb ly with lower 
50 and L50 and fewer misassemblies (Figure 7 ). However, 

s mentioned earlier, the dena tura tion step can increase GC 

ias (Figure 6 E) and affects assembly binning (Figure 9 ). 
her efor e, unlike other available methods, piMDA can be 

uccessfully used as a simple protocol without a denatu- 
ation step or, if the amount of MDA product for down- 
tream analysis is limiting, the prior dena tura tion step can 

e introduced. We can conclude that piMDA methods en- 
ble proficient WGA of a wide range of genomes for down- 
tream applications, including those related to the study of 
icrobiome di v ersity in different environments, especially 

n environments where high-GC microorganisms, such as 
alophiles or thermophiles, would predominate. In addi- 
ion, the results shown here suggest that piMDA has great 
otential for application in microbiome studies involving 

NA amplification, such as those using single-cell metage- 
omics to reconstruct strain-resolved genomes of microbial 
ommunities at once, at the risk of missing poorly r epr e- 
ented sequences with high GC content. 

A T A A V AILABILITY 

aw sequencing data has been deposited in the e- 
ienciaDatos repository with DOI: 10.21950 / HCNDGF. 

An annotated markdown report of the analysis con- 
aining the R code and plots is available in a Github 

 epository ( https://mr edr ejo.github.io/pimda/ , DOI: 
0.5281 / zenodo.8204440). 
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