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ABSTRACT

Multiple displacement amplification (MDA) has
proven to be a useful technique for obtaining large
amounts of DNA from tiny samples in genomics and
metagenomics. However, MDA has limitations, such
as amplification artifacts and biases that can inter-
fere with subsequent quantitative analysis. To over-
come these challenges, alternative methods and en-
gineered DNA polymerase variants have been devel-
oped. Here, we present new MDA protocols based on
the primer-independent DNA polymerase (piPolB), a
replicative-like DNA polymerase endowed with DNA
priming and proofreading capacities. These new
methods were tested on a genomes mixture con-
taining diverse sequences with high-GC content, fol-
lowed by deep sequencing. Protocols relying on
piPolB as a single enzyme cannot achieve compe-
tent amplification due to its limited processivity and
the presence of ab initio DNA synthesis. However,
an alternative method called piMDA, which combines
piPolB with ®29 DNA polymerase, allows proficient
and faithful amplification of the genomes. In addition,
the prior denaturation step commonly performed in
MDA protocols is dispensable, resulting in a more
straightforward protocol. In summary, piMDA outper-
forms commercial methods in the ampilification of
genomes and metagenomes containing high GC se-
quences and exhibits similar profiling, error rate and
variant determination as the non-amplified samples.
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INTRODUCTION

Genomics and metagenomics have undergone a revolution
in the last two decades. This is due to advances in whole-
genome amplification methods and the development of
massively parallel sequencing methods that have opened up
previously unimagined applications in biotechnology and
biomedicine (1). This has led to an increasing demand for
more efficient, sensitive, and unbiased protocols aimed at
developing high-throughput analysis of biodiversity and
personalized medicine, among other applications.

Current technologies allow direct sequencing of DNA
samples without a prior amplification step, which can re-
duce bias and increase data reliability. However, this is not
possible when the quantity or quality of DNA is limited.
Therefore, sequencing of the original raw sample is still ex-
perimental or limited to targeted testing in some scenar-
i0s (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 approaches, multiple displacement amplifica-
tion (MDA), and a number of variations and derived meth-
ods (9-11), enables efficient amplification 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 level
(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 development of various
applications beyond genomic analysis (15-17). Most MDA
protocols are based on the use of hexamer random primers
(RP) and the highly processive DNA polymerase from
Bacillus virus @29 (d29DNAP) (15,18,19), which can gen-
erate very long amplicons, that allow high coverage and de-
tection of single nucleotide polymorphisms (SNP) (20,21).
However, 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 underrepresented sequences (23,28,29). In
addition, the extreme processivity of ®29DNAP leads to
the overamplification of circular DNA molecules, which
compromises its use for some metagenomic applications,
such as metaviromic analysis (30,31). Accordingly, several
new tools and methods have been developed to increase
the accuracy of WGA. These include both engineered ver-
sions of DNA polymerases with improved MDA perfor-
mance, thermostability, or tolerance to chemicals (32-34),
and alternatives 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
(ADOQ) rate in the portion of the genome covered (29,35).
However, the specialized polymerase required 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 reduce primer-related artifacts and pro-
vide a better representation of sequences with high-GC
content (38).

In this work, we have developed and assessed new MDA
methods based on recombinant Escherichia coli primer-
independent PolB (piPolB), previously characterized as
having faithful DNA polymerase 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 processive enzyme such
as ®29DNAP, a protocol hereafter referred to as primer-
independent MDA (piMDA), results in the amplification of
genomic samples at a level 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 products from a mixture of
bacterial genomes containing high-GC sequences obtained
with piMDA and piMDA + D protocols shows that both
alternatives achieve competent amplification and an im-
proved assembly compared to commercial 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 processive ®29DNAP
for competent and accurate amplification of DNA sam-
ples. This work paves the way for the use of novel tai-
lored MDA methods for environmental and biomedical
applications.

MATERIALS AND METHODS
DNA amplification substrates

The single- and double-stranded M 13 DNA was obtained
from New England Biolabs (NEB). The genomes mix-
ture was generated from the combination of four differ-
ent bacterial genomes. Escherichia 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 Auténoma 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°C or 37°C) by Dneasy
Blood & Tissue Kits (QIAGEN). Additionally, 1 mg/ml
metapolyzyme 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 prepared by mixing an equal
mass of purified genomic DNAs.

Genomic reference sequences were selected from the top
hits of BLASTN queries on NCBI Nucleotide Database, us-
ing a subset of the largest contigs from the control assem-
blies (Table S1).

Multiple displacement amplification assays

The DNA polymerase from bacteriophage ®29 from 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 (m13mpl18 RF I, NEB) or genomes mixture DNA.
The piPolB MDA reactions contained 50 mM Tris—HCI pH
7.5, 1 mM DTT, 4% (v/v) glycerol, 0.1 mg/ml BSA, 0.05%



(v/v) Tween 20, 20 mM MgCl,, 500 wM dNTPs, 10 mM
ammonium sulfate, in a final volume of 10 pl for 30°C for
16 h. Characterization of piPolB amplification product was
performed by digestion of the indicated volume of amplifi-
cation product with diverse nucleases. Samples treated with
0.2 U/pl Micrococcal Nuclease (Worthington) were incu-
bated at 37°C for 2 h in 50 mM Tris-HCI pH 7.5, | mM
DTT, 4% (v/v) glycerol, 0.1 mg/ml BSA, 0.05% (v/v) Tween
20,25 mM CaCl,. 1 U/pl or the indicated concentration of
EcoRI-HF, Hhal, or MnlI was at 37°C for 2 h (EcoRI-HF)
or 3 h (Hhal or Mnll) in rCutSmartTM Buffer (NEB). Nu-
clease S1 (Boehringer Mannheim) was tempered at 37°C for
3 min before the incubation with the sample at 37°C for 1
min in Reaction Buffer for S1 nuclease (Fermentas). After
the digestion, enzymes were inactivated according to man-
ufacturer’s instructions.

The so-called primer-independent DNA amplification
protocol (piMDA) (see below) reactions were performed in
35 mM Tris—HCI pH 7.5, 1 mM DTT, 0.1 mg/ml BSA, 10
mM ammonium sulfate, 50 nM piPolB, 500 nM ®29DNAP,
20 mM MgCl, and 500 puM dNTPs. In the piPolB + D
and piMDA + D protocols, DNA was subjected to a pre-
vious denaturation step with 75 mM NaOH in a volume
of 5 pl for 3 min, and subsequently neutralized adding 5
wl of 250 mM Tris—HCI pH 7.5. Amplification reactions
were carried out at 30°C for 3 h unless other conditions
are specified. Reactions were terminated by heating sam-
ples at 65°C for 10 min. MDA controls were performed em-
ploying a random-primers-based MDA (RP-MDA) kit as
random-primer-based method: Repli-g Mini Kit from QI-
AGEN; and a TruePrime-based-MDA (PrimPol-MDA) kit:
TruePrime Whole Genome Amplification Kit from 4Base-
Bio. Manufacturer’s specifications were followed in com-
mercial protocols. Furthermore, a final heating step at 65°C
for 10 min was always conducted for protein inactivation in
MDA protocols.

Electrophoresis analyses of amplification product were
carried out by digestion of 2 pl (for amplification of cir-
cular DNA) or 5 pl (for samples from metagenomic DNA)
of each reaction with 1 U/ul EcoRI or EcoRI-HF at 37°C
in a final volume of 10 .l prior to electrophoresis in 0.7%
agarose 1X-TAE and visualized with ethidium bromide
(Sigma-Aldrich) or GreenSafe Premium (NZY Tech).

Absolute amplification measure of DNA input sample
and amplification products was performed by fluorescence
quantitation with the AccuBlue High Sensitivity dsDNA
Quantitation Kit (Biotum). Black opaque microplates with
96 wells (Greiner) were used for accomplishing the fluo-
rescence reactions which were measured with FLUOstar
Omega (BMG Labtech).

Amplified metagenomes sequencing and reads processing

Control genomic DNA and amplification products were
ethanol-precipitated and ~1 mg of DNA was sheared into
~350-bp fragments using a Covaris M220 focused acous-
tic shearer (Covaris, Woburn, MA, USA) following the
manufacturer protocol. Sequencing libraries were prepared
with the TruSeq DNA PCR-Free Low Throughput Library
Prep kit (Illumina) according to the manufacturer’s proto-
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col. Samples were then sequenced in the Illumina NextSeq
550 with the 2 x 75 bp NextSeq V2.5 High Output kit, at
Genoinseq - Next Generation Sequencing Unit (Biocant,
Cantanhede).

Adapters and low-quality reads were filtered with Trim-
momatic v.0.35 (parameters: LEADING:3 TRAILING:3
SLIDINGWINDOW:4:20 MINLEN:35). Quality check
(QC) before and after trimming was performed with Seqkit
v2.3 (43) and FastQC v0.11.9 (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/), and individual reports
subsequently aggregated with MultiQC 1.11 (44) for com-
parison.

Trimmomatic filtered reads were used for de novo
profiling using Metaphlan v.4.0.0 (45) using the -
unclassified_estimation option. Additionally, trimmed
reads were mapped against the reference genomes with
Bowtie2 v2.3.5.1 (46) and further analyzed for coverage
depth, breadth, and aligning mismatches with Weesam v1.6
(https://bioinformatics.cvr.ac.uk/weesam-version-1--5/)
and Alfred v0.1.16 (https://www.gear-genomics.com/
alfred).

Fastp (47) was additionally used to obtain a list of over-
represented sequences in each dataset or raw reads. Iden-
tification of low-complexity sequences in Metaphlan un-
classified reads was performed with BBduk (https://jgi.doe.
gov/data-and-tools/software-tools/bbtools/). GC bias was
assessed using Picard tool CollectGeBiasMetrics (https://
broadinstitute.github.io/picard/).

Trimmomatic filtered reads from each sample were as-
sembled with metaSPAdes (48). Genomic assemblies were
analyzed as minimal metagenomes with Metaquast (49) and
also annotated with Bakta (50). Comparative assessment
of k-mers diversity present in the reads and in the cor-
responding assembly was carried out with KAT (51) us-
ing a K-mer size of 16, according to the size of the am-
plified metagenome, as suggested previously (52). Single-
nucleotide variants (SNV) detection with Snippy 4.6.0
(https://github.com/tseemann/snippy). Finally, MetaCoAG
(53) was used for de novo metagenomes binning (cover-
age > 5% and P-value < 107'%) and bins were assigned to
reference genomes using Mash distances (54).

Data analysis

Data were analyzed using R and RStudio (55) and plots
were generated with ggplot2 package (56). The final fig-
ures also contain minor modifications made with Illustrator
(Adobe). As indicated, analysis of inter-groups significant
differences was carried out by pair-wise 7-test or Wilcoxon
rank tests, when normality and homogeneous variance test
prescribed the use of non-parametric analyses.

The correlation between normalized coverage and fre-
quency of sequence windows at each GC content from Pi-
card output was analyzed using the Corrplot package (57).
Outliers that would impair these analyses were removed as
follows. For metagenome correlation analyses GC values
below 20% and over 80% were removed. In the case of cor-
relations for individual reference genomes (Figure S6), GC
contents with a sequence windows frequency below 10 were
discarded.
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RESULTS
Primer-independent isothermal MDA by recombinant piPolB

The DNA priming capacity of piPolB together 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 1A, piPolB can
amplify both single- and double-stranded DNA starting
from 1 and 10 ng of input nucleic acid, respectively. Sim-
ilar to other MDA protocols, piPolB MDA is affected by
high ionic strength and requires magnesium as a cofactor
(Figure S1A).

As expected, given the limited processivity of piPolB (1—
6 kB, see (39)), the amplified DNA product migrated as a
smear in agarose electrophoresis, even 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 1B and Figure S1C) indicates that
piPolB synthesizes dsDNA by means of repeated initiation
events that give rise to hyperbranched dsDNA structures in
which fragments longer than unit length (in this case 7.25
kb) would be a minority (Figure 1C).

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 concatemers that can
be digested into unit-length fragments. This new protocol
also allows the amplification of smaller amounts of DNA,
especially for dsDNA (Figure 2B). Amplification of ds-
DNA (plasmid or metagenome) is impaired with increasing
piPolB concentration, likely due to competition between
the two DNA polymerases for the free 3’0OH ends, which
would be more scarce for dSDNA than for ssDNA. How-
ever, the amplification yield correlates with ®29DNAP
concentration, suggesting that it is responsible for the
main amplification product. This combined protocol of
piPolB+®29DNAP in a single step will be referred to
hereafter as piMDA or piMDA + D, when a denaturation
step was performed previously.

To evaluate the amplification efficiency of the piPolB
MDA and piMDA methods in detail, we prepared a ge-
nomic DNA sample (see Methods) consisting of four
genomes from Gram-positive and Gram-negative 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 comparative MDA assays with
piPolB-based protocols and two commercially available kits
based on ®29DNAP, namely RepliG (Qiagen) for Random-
Primers MDA (RP-MDA) and TruePrime (4BaseBio) for a
primase-based MDA (PrimPol-MDA). The results (Figure
3 and Figure S2) show that the piPolB MDA protocol is
comparable to the available MDA alternatives in terms of
DNA yield, but the yield of the piMDA method, especially
the version with a DNA denaturation 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 productive 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-
ture were sequenced using a PCR-free library preparation
and short reads paired-end strategy to minimize the se-
quencing bias (58). The amplification products of piMDA,
piIMDA + 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 >280x of the input
metagenome and provided high sequence coverage for all
samples.

Adaptor trimming and quality filtering revealed 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 defective 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-
mogeneous DNA shearing and adapter 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 level > 3-4)
than the non-amplified control samples (Figure 4A). Impor-
tantly, the proportion of duplicated reads was lower for the
piMDA and piMDA + D samples than for RP-MDA and
PrimPol-MDA up to a duplication level <10, suggesting
that the latter protocols are more prone to overduplication
of some sequences. However, the piPolB and piPolB + D
samples contained a higher proportion of highly duplicated
sequences. This pattern would be consistent with repetitive
initiation events followed by distributive strand elongation,
resulting in a biased amplification product.

Sequence coverage 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 4B). However, the average
GC content in RP-MDA (~44%), PrimPol-MDA (~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 negative GC bias. On the
other hand, the reads from the piMDA and piMDA + D
products show a positive GC bias as their average 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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Metaphlan (45). As shown in Figure 4C, reads from the
nonamplified control samples show an overall even distribu-
tion among the four species that make up the mixture, with
small differences between duplicates resulting in a slight
underrepresentation of the larger genome of P. aeruginosa
and an overrepresentation of the moderate-GC sequences
of the B. subtilis genome, consistent with the expected bias
and variability resulting from library preparation and short
reads sequencing (58,59). However, the random-primers-
and PrimPol-based MDA promoted a very strong under-
representation of high-GC genomes (K. rhizophila and P,
aeruginosa) and, in turn, an overrepresentation of E. coli
and especially Bacillus sequences. In contrast, the DNA

samples generated with the piIMDA and piMDA + D proto-
cols contain some overrepresentation of genomes with high-
GC content compared to the NA samples, although they
are distributed across the four species and show the high-
est relatedness to the non-amplified samples (Figure S3).
Strikingly, the samples from piPolB and piPolB + D MDA
contain a high proportion of unknown DNA sequences.
The proportion of unknown DNA sequences decreases with
the addition of the previous DNA denaturation step in
piPolB + D MDA, suggesting that amplification specificity
increases when access to the DNA priming substrate is fa-
vored by double helix denaturation. Accordingly, a negligi-
ble number of unclassified reads in piMDA reads (around
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1%) is absent in the samples obtained piMDA + D pro-
tocol. Importantly, the fact that these unknown sequences
have no similarities in the metaphlan database rules out
the presence of contaminated DNA in any of the samples
analyzed.

The poor quality control and profiling results of the se-
quencing data of piPolB and piPolB + D DNA amplifi-
cation suggest that piPolB may be able to perform ab ini-
tio DNA synthesis, independent of primers and template.
Ab initio DNA synthesis has been described in various
DNA polymerases since the 1960-1970s, and its contribu-
tion in vivo and in vitro to the bulk of DNA synthesis is
controversial (40). The mechanism of generation of these
undirected DNA products is poorly understood, but the
characterization of the ab initio activity of Bst DNA poly-
merase indicated that it is strongly stimulated by DNA nick-
ases and it results in low-GC content DNA enriched in
non-palindromic repetitive sequences (40,60). In the case
of piPolB, prolonged incubations of MDA assays in the
absence of input DNA (Figure S4), confirmed the spuri-
ous amplification. Extraction of the overrepresented in for-
ward and reverse reads of piPolB and piPolB + D ampli-
fied samples shows that they consist of similar repetitive
sequences (Tables S9-S12). Furthermore, examination of
the unmapped reads from the Metaphlan database shows
that the addition of a denaturation step not only increases

mapping efficiency but also decreases the proportion of low
complexity reads, from 12.6% in piPolB MDA to 0.25% in
piPolB + D MDA, similar to the level in any of the other
samples (Table S4). These results, together with a lower GC
content in piPolB than in piPolB + D raw reads (Figure
4B) but not in the mapped reads (see below and Figure 6E),
points to ab initio DNA synthesis by piPolB that would be
reduced when access to single-stranded DNA is facilitated
by the denaturation step.

In conclusion, the use of piPolB for MDA as a single en-
zyme is hampered by the limited processivity of the enzyme
as well as by spurious DNA synthesis, whereas its combina-
tion with ®29DNAP reduces or eliminates ab initio DNA
synthesis and allows proficient whole genome amplification
with a sequence profiling similar to that of the unamplified
sample.

GC bias affects coverage depth, breadth and amplification
fidelity.

We then analyzed the mapping, coverage, and alignment
mismatch statistics of each sample with the independent
reference genomes in our genomic mixture. As a reference,
Figure 5 shows the coverage plots for the E. coli (A) and
K. rhizophila (B) genomes. The control NA samples show
the most consistent coverage, although they contain spikes
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of overrepresented sequences that range up to 10-fold the
average depth. Mapping of reads from the RP-MDA and
PrimPol-M DA samples shows a jittered but overall uniform
plot in the E. coli genome, but coverage 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 uneven coverage depth, with peaks of strongly over-
represented sequences and a low average depth, resulting in
a high standard deviation of depth, especially in the piPolB
reads (Figure 6C). As for the piMDA and piMDA + D
reads, the mapped reads show a high jitter but an overall

similar profile for all reference genomes with few large peaks
of overrepresented sequences but with high coverage of ref-
erence genomes with high-GC.

The proportion of mapped reads (Figure 6A) agrees with
the profiling results (Figure 4C). We also analyzed the
Weesam coefficient of coverage variation, which indicates
the variability of coverage depth and breadth, with val-
ues >1 (Figure 6C) considered indicative 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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reads from both RP-MDA samples with a distinct higher
coefficient of variation (Figure 6C). This is consistent with
low depth and breadth (Figure 5 and Figure 6B) of the high-
GC reference genomes and also with previous reports (61).
This less proficient amplification of high-GC sequences is
also reflected in a higher mismatch rate of the RP-MDA
and PrimPol-MDA methods for these genomes (Figure
6D). However, the samples generated by the piPolB and
piPolB + D MDA protocols include a lower amplification
fidelity of B. subtilis reference sequences that also exhibits
higher depth standard deviation suggesting that overam-
plification may be the reason for the lower replication fi-
delity. In contrast, the piIMDA(+D) samples show a more
uniform average coverage depth of the four genomes, al-
though with a lower depth for the E. coli and B. subtilis ref-
erence genomes and a similar mismatch rate for all reference
genomes as the control samples. Detailed analysis of GC
bias in the genomes mixture (Figure 6E and Figure S5) high-
lights the differences in high-GC content samples, with a
significant negative correlation of coverage per GC content
not only in the RP-MDA and PrimPol-MDA samples but
also in the NA control samples, indicating a negative effect
of the sequencing method in our sample, likely at the library
preparation step (58,62). Thus, the normalized coverage in
the control NA samples decreases from ~1.2 to ~0.8-0.9
at GC content above 50-55%. In line with previous results,

the piPolB(+D) amplification gives rise to scattered peaks
of highly overrepresented sequences encompassing 30-50%
GC content.

Previous analysis of GC bias induced by PrimPol-MDA
method shows some discrepancies that might be due to the
different nature of the amplified sample, as it was reported
to have a minor negative GC bias, similar to that of RP-
MDA in human DNA (37) but it outperformed the clas-
sic MDA protocol on metavirome amplification (38). In our
genomes, we found that PrimPol-M DA exhibits strong neg-
ative GC bias, only slightly less pronounced than the RP-
MDA samples. Thus, both sets of samples show a statisti-
cally similar (Table SS5) normalized coverage of over 2.5 at
low-GC content, dropping to 0.1-0.2 at a high-GC content
of > 60%. Contrary to that and consistent with the profil-
ing results, the piMDA and piMDA + D assays promoted
a significant bias toward high-GC sequences, but with a
more balanced normalized coverage, ranging from 0.4-0.5
at45% GC content (B. subtilis) to 1.4-1.7 at 70% GC (K. rhi-
zophila). The analysis of GC bias per reference genome sug-
gests that bias is higher in intermediate-GC genomes, and it
also reveals certain differences between duplicates (Figures
S5 & S6). Nevertheless, pairwise comparisons of the nor-
malized coverage of all samples show that piMDA + D sam-
ples are not statistically different from the non-amplified
samples (Table S5).
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All in all, the piMDA and piMDA + D methods provide
reasonable coverage 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 reference 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 Spo0OA gene (41). In con-
trast, the assemblies of E. coli and K. rhizophila match the
reference genomes very well in most samples.

The number and length of contigs in the final assem-
blies were similar in NA, PrimPol-MDA, piMDA and
piIMDA + 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 7A), 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-M DA 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,
PrimPol-MDA and piPolB + D samples contain k-mers in
the reads occurring >2 times in the assembly, in agreement
with a higher level 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
DNA, which span lower coding density and a higher num-
ber of pseudogenes, most likely as a consequence of poor
assembly (Table 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 NA and NA2, which can call the
same SNVs, there are differences between the duplicates
and the second batch of sample sequencing in the case of
RP-MDA, piMDA and especially piMDA + D allow bet-

ter variant detection, with piMDA + D2 being identical to
the control samples. Nevertheless, the PrimPol-MDA and
piIMDA(+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 reference-free 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 reference genome, whereas the genomes of B. subtilis
and P, aeruginosa were more unevenly covered 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,
even 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° DNA polymerase 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 developed new MDA protocols consist-
ing of the use of piPolB as a single enzyme or coupled with
another faithful, highly processive DNA polymerase, 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 comparative analysis of the short reads sequenced
samples, either unamplified or after isothermal 30°C am-
plification with different piPolB-based protocols. Sequenc-
ing of DNA products synthesized with piPolB MDA has
revealed two major drawbacks to using this DNA poly-
merase as a single synthesizing enzyme. First, the piPolB
DNA product appears to have a hyperbranched structure
resulting from repeated priming events, 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 referred
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, there are 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)
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indicated and it is represented 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 several DNA polymerases, 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-
complexity, repetitive, and low-GC DNA sequences (Ta-
bles S9-S12). Overall, 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 believe that this should be
further addressed in the future by developing modified pro-
tocols that could control this activity using SSBs or other
factors that can prevent 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 reliable coverage 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 negative bias was only slightly reduced
in the sample generated with PrimPol-MDA, with a simi-
lar pattern of overrepresented sequences. Despite a bias to-
ward high-GC sequences, the combination of piPolB and
®29DNAP achieved a more competent amplification of our
sample, obtaining good assemblies, comparable to those of
unamplified control samples.

Previous analyses reported either similar GC bias in RP-
MDA and PrimPol-MDA (37) or better GC representation
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 overrepresentation 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,



whose strand displacement capacity might play a similar
role. However, piPolB shows a strong bias towards 40-50%
GC when used alone for MDA, downplaying that mech-
anism. Moreover, the alkaline denaturation step increases
the coverage depth and breadth of all the reference genomes
(Figure 6B), suggesting that high-GC content limits the ini-
tiation and also the clongation of new DNA strands by
piPolB, downplaying a relevant contribution of strand dis-
placement capacity to reduce GC bias.

Remarkably, in RP-MDA, PrimPol-MDA and
pIMDA(+D) most of the amplification is performed
by the same enzyme, the ®29DNAP, suggesting that
the random primers or the onset of DNA synthesis are
the key factors determining the GC bias. The random
primers used in MDA are usually 6-mers, and the primers
of PrimPol or gp4 are also very short DNA or RNA
oligonucleotides, respectively (37,70). However, piPolB can
processively synthesize longer DNA molecules of up to 6
kb (39). Conversely, greater stability of high-GC sequences
would reduce processivity and possibly favor dissociation
of piPolB and distributive DNA synthesis. This would
generate a higher number of initiation products, albeit
longer than random primers or PrimPol/gp4-synthesized
primers, which in the case of piMDA(+D) could be re-
sumed processively by the ®29DNAP. This is consistent
with the fact that the denaturation step, which would allow
a higher rate of priming events by piPolB, slightly increases
the GC bias in piMDA + D but not in piPolB + D (Figure
0).

Furthermore, because piPolB exhibits translesion synthe-
sis capacity (39), it is reasonable to speculate that piPolB-
mediated WGA may offer some advantages in amplify-
ing damaged DNA, which is often present in metagenomic
DNA samples. However, since piMDA uses ®29DNAP as
the main amplification enzyme, we do not expect significant
differences compared with related MDA methods. Rather,
an improved WGA method based only on piPolB would be
more suitable for damaged DNA samples.

Consistency of piMDA performance among duplicates and
protocol modifications

The high number of reads obtained and the use of dupli-
cates for some of the samples allowed us to analyze in de-
tail the performance and variability of each of the ampli-
fication methods used and also the TruSeq library gener-
ation and Illumina sequencing. The overall results of the
duplicate samples are very similar, although the results of
the second sequencing batch resulted in a slightly lower GC
bias and a better assembly that contained fewer and larger
contigs and fewer misassemblies, among other parameters
(Tables S6-S8). Population variant detection was also better
for samples from the second sequencing batch, particularly
for RP-MDA2 and piMDA + D2 samples, as compared
with RP-MDA and piMDA + D, respectively. Indeed, vari-
ant calling in the piMDA + D2 sample was almost identical
to the NA samples.Although conventional MDA protocols
like the commercial kits tested in this work include a DNA
denaturation step, we found that piPolB can perform MDA
with dsDNA templates and decided to analyze the quality
of the DNA products obtained with and without prior de-
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naturation. As expected, the denaturation step increases the
amount of synthesized DNA with shorter reaction times in
piMDA + D compared to the piMDA protocol (Figure 3).
In addition, it increases the alignment rate of reads to refer-
ence genomes (Figure 6) and improves assembly with lower
N50 and L50 and fewer misassemblies (Figure 7). However,
as mentioned earlier, the denaturation step can increase GC
bias (Figure 6E) and affects assembly binning (Figure 9).
Therefore, unlike other available methods, piMDA can be
successfully used as a simple protocol without a denatu-
ration step or, if the amount of MDA product for down-
stream analysis is limiting, the prior denaturation step can
be introduced. We can conclude that piMDA methods en-
able proficient WGA of a wide range of genomes for down-
stream applications, including those related to the study of
microbiome diversity in different environments, especially
in environments where high-GC microorganisms, such as
halophiles or thermophiles, would predominate. In addi-
tion, the results shown here suggest that piMDA has great
potential for application in microbiome studies involving
DNA amplification, such as those using single-cell metage-
nomics to reconstruct strain-resolved genomes of microbial
communities at once, at the risk of missing poorly repre-
sented sequences with high GC content.
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