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For bacterial genome sequencing, libraries from different strains are usually multiplexed in a single run. Normal-
ized libraries are most often pooled in equal volumes, as recommended by next-generation sequencing platform
manufacturers. This equal-volume strategy is well suited for multiplexing isolates from the same species. How-
ever, for runs involving multiple microbial species, an equimolar library pooling is more adapted because of the
variation in bacterial genome size. To demonstrate its utility in clinical microbiology, we compared both equal-
volume and equimolar strategies using a menu comprising 13 bacterial species involved in healthcare-
associated infections. We show that equimolar pooling limits the retesting risk due to insufficient coverage
depth, particularlywhen interspecies genome size difference ismore than 2-fold. The use of this alternative strat-
egy for multiplexing pathogenic bacteria should lead to more cost effective whole-genome sequencing applica-
tions in clinical microbiology.

© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bacterial genomes vary in size extensively, sometimes evenwithin a
species (Bobay and Ochman 2017). As of today, the largest bacterial
complete genome in GenBank is the one for the Sorangium cellulosum
strain So0157-2 at 14,782,125 bp (Han et al. 2013), while the smallest
one is described for the Candidatus Nasuia deltocephalinicola strain
NAS-ALF at only 112,091 bp (Bennett andMoran 2013), more than 2 or-
ders of magnitude smaller. Focusing on the 10 major bacterial species
involved in global healthcare-associated infections (HAIs) (Mirande
et al. 2018), median genome sizes range from 2.9 megabase pairs
(Mbp) for Staphylococcus aureus to 6.5Mbp for Pseudomonas aeruginosa.

Whole-genome sequencing (WGS) has become an indispensable
tool of modern microbiology (Land et al. 2015). The most recent gener-
ation of DNA sequencing platforms can generate accurate whole-
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genome sequences for a broad range of bacterial species in less than a
day (Reuter et al. 2013). WGS has many practical applications, from
genome-scalemetabolicmodeling (Zhu et al. 2018) to fine-scale resolu-
tion of bioforensic data (Kalinowski et al. 2018), biosurveillance (Timme
et al. 2017), and investigations into infectious disease epidemiology
(Parkhill and Wren 2011; Rouard et al. 2019). WGS is particularly at-
tractive as it can be applied simultaneously to large numbers of bacterial
isolates of any species (Kanamori et al. 2017) with no need for
organism-specific reagents. WGS also allows for surveillance of antibi-
otic resistance (Snitkin et al. 2012; Reuter et al. 2013; Peacock 2014;
Rouard et al. 2018) and possibly even for the detection of virulence fac-
tors (Durand et al. 2018). In addition, the resulting data are portable and
can be compared with past and future data sets to facilitate historical
and geographical tracing of bacterial strains (Coll et al. 2017; Snitkin
et al. 2017).

There are several next-generation sequencing (NGS) technologies
available for WGS. Third-generation technologies, such as those devel-
oped by Pacific Biosciences (PacBio) (Rhoads and Au 2015) or Oxford
Nanopore Technologies (ONT) (Tyler et al. 2018), are capable of se-
quencing single molecules and produce long reads (1–100 kb) in real
time (Ameur et al. 2019). Long-read DNA sequencing, which facilitates
de novo assembly, is particularly suited for elucidation of novel complex
genomes containing long repeated sequences. However, some limita-
tions (i.e., high cost per base for PacBio or high error rate for ONT) ex-
plain why the use of third-generation sequencing is not yet as
widespread in routine applications as second-generation technologies.
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.diagmicrobio.2019.04.014&domain=pdf
https://doi.org/10.1016/j.diagmicrobio.2019.04.014
gael.kaneko@biomerieux.com
https://doi.org/10.1016/j.diagmicrobio.2019.04.014
http://www.sciencedirect.com/science/journal/07328893


29B.H. Muller et al. / Diagnostic Microbiology and Infectious Disease 95 (2019) 28–33
The latter perform huge numbers of parallel sequencing reactions on a
micrometer scale (Heather and Chain 2016) and produce frommillions
to billions of short reads (50–600 bases) per run. Whole-genome shot-
gun approaches require NGS library preparation including genomic
DNA (gDNA) fragmentation, adapter and barcode/index addition, and
PCR amplification. Large numbers of libraries can be pooled and se-
quenced simultaneously during a single NGS run. For this purpose, sam-
ple libraries must be normalized at the same DNA concentration. As
recommended by NGS platform manufacturers, normalized libraries
are then pooled in equal volumes (i.e., the amount of DNA is the same
across all libraries) before sequencing. This equal-volume library
pooling strategy is hereafter referred to as the traditional strategy.

Data generated during aWGS runmay, however, be useless for some
bioinformatics pipelines if coverage depth is insufficient. Such cases re-
quire retesting and have an economic impact on routine sequencing be-
cause of costs and loss of time. In particular, given the range of bacterial
genome size, the retesting risk caused by insufficient depth could be sig-
nificant when multiplexing multiple bacterial species with widely dif-
fering genome lengths. An alternative library pooling strategy was
already used (Salipante et al. 2015) to enhance the probability that all
sequenced samples achieve sufficient coverage depth. This alternative
strategy was based on equimolar sample representation in the library
pool. Here we provide an in-depth comparison with the traditional
strategy for a menu comprising 13 bacterial HAI-related species and
confirm its advantages, especially for genomic epidemiology. The evalu-
ationwas conducted on a second-generation platformwith direct appli-
cability to other pathogen bacterial species and platforms for WGS
applications in clinical microbiology.
2. Material and methods

2.1. Strains and culture conditions

Strains were selected from the internal bioMérieux collection and
involved 13 bacterial species (Table 1) (BIOMÉRIEUX EPISEQ© CS
2019). All strains were described in Additional file 1: Table S1. As men-
tioned in Table S1, some strains belong to a type culture collection (i.e.,
ATCC or NCTC). When the genome had been sequenced before, the
GenBank accession number is indicated. All strains were grown at
37 °C on Columbia agar with 5% sheep blood (bioMérieux, Marcy
l'Etoile, France) in an aerobic atmosphere for 12–24 h, except for
C. difficilewhich was cultured for 24–48 h in an anaerobic environment
using GENbag anaer (bioMérieux).
Table 1
Description of the equimolar genomic library pooling strategy (R3) used in the study for multi

Species Genomes a Genome size (Mbp

Minimal Median

Staphylococcus aureus 5251 2.6 2.9
Enterococcus faecium 323 2.4 2.9
Enterococcus faecalis 437 2.6 3.0
Acinetobacter baumannii 1108 3.5 4.0
Clostridioides difficiled 261 3.6 4.1
Enterobacter cloacae 305 4.2 4.9
Klebsiella aerogenese 75 4.2 5.0
Serratia marcescens 72 4.9 5.2
Escherichia coli 3485 4.1 5.2
Klebsiella pneumoniae 802 4.7 5.7
Klebsiella oxytoca 72 5.1 6.0
Pseudomonas aeruginosa 1122 5.5 6.5
Burkholderia cepacia 11 5.9 8.0

EqSa: equivalent S. aureus; NA: not applicable.
a Genome number selected to calculate the genome sizes (see Table S4 for more informatio
b Calculated EqSa genome size (strategy R3): maximal_species/median_Saureus.
c Calculated normalized-library volume for pooling: eq_Saureus_genome_size × Saureus_lib
d Formerly known as Clostridium difficile.
e Formerly known as Enterobacter aerogenes.
2.2. Description of equimolar library pooling strategy (R3)

Genome size equivalence for each species was determined relative to
the calibrator species with the smallest genome size. The genome size
equivalence for a species is calculated as the genome size ratio between
this species (numerator) and the calibrator species (denominator). In
the present work, S. aureuswas selected as the calibrator, and the equiv-
alent S. aureus (EqSa) genome size was determined for each species (see
Table 1). Equimolaritywas then implemented from the EqSa genome size
by defining the normalized library volume (see Table 1) to add in the pool
using the following formula: EqSa genome size × 5 μL (i.e., calibrator spe-
cies library volume). Once both parameters (genome size equivalence
and normalized library volume) had been set for a given species menu,
the composition (i.e., the number of samples) remained the only variable
element to be determined for each sequencing run according to the com-
bination of species. In the present study (see Table 2), the run composi-
tion was determined with EqSa genome sizes of each species and
according to amaximumof 30 EqSa samples per run (see subsection 2.4).

2.3. Whole-genome sequencing

gDNA was extracted from fresh culture using the UltraClean® Micro-
bial DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA). For gDNA
quality control, quantitation was performed by the fluorometric method
using the Qubit® dsDNA BR Assay kit (Life Technologies, Carlsbad, CA),
and purity was assessed by UV absorbance using a DS-11FX spectropho-
tometer (DeNovix, Wilmington, DE). Library preparation was performed
from 1 ng of gDNA extract using Nextera® XT DNA library preparation
kit (Illumina, SanDiego, CA) andNextera®XT index kit (Illumina). Library
profiles were defined on 2100 Bioanalyzer System (Agilent Technologies,
Santa Clara, CA) using a High Sensitivity DNA kit (Agilent). Library nor-
malization was performed following the manufacturer's instruction.
Normalized-library pooling was performed according to the specified
strategy (traditional R0 or alternative R3). Sequencing runwas performed
using MiSeq® Reagent kit v3 (600-cycle) on a MiSeq® instrument
(Illumina) to generate 2 × 200 base paired-end reads. Raw sequence
data of each sample from the current studyhavebeendeposited in the Se-
quence Read Archive under BioProject ID PRJNA490820.

2.4. Sequencing run specificities

The read lengthwas systematically limited at 200bases (400 cycles) to re-
duce the total run timeby approximately 15h (40 h for 400 cycles vs. 55h
-species multiplexing.

) Multiplexing strategy R3

Maximal EqSa genome size b Library volume for pooling c

3.1 NA 5.0 μL
3.4 1.2 6.0 μL
3.5 1.2 6.0 μL
4.5 1.6 8.0 μL
4.5 1.6 8.0 μL
5.6 1.9 9.5 μL
5.7 2.0 10.0 μL
5.7 2.0 10.0 μL
6.0 2.1 10.5 μL
6.5 2.2 11.0 μL
6.7 2.3 11.5 μL
7.7 2.7 13.5 μL
8.9 3.1 15.5 μL

n).

_volume.



Table 2
Composition of sequencing runs performed with the equimolar (R3) or equal-volume (R0) library pooling strategies.

Runs Species Strain ID EqSa genome size a Strategies

R3 a R0 b

Library volume for pooling Library volume for pooling

Multiplexing 2 species (_2sp_)

Staphylococcus aureus BS87 1.0 5.0 μL 5.0 μL
Staphylococcus aureus BS297 1.0 5.0 μL 5.0 μL
Staphylococcus aureus BS358 1.0 5.0 μL 5.0 μL
Staphylococcus aureus BS359 1.0 5.0 μL 5.0 μL
Staphylococcus aureus BS361 1.0 5.0 μL 5.0 μL
Staphylococcus aureus BS362 1.0 5.0 μL 5.0 μL
Staphylococcus aureus BS363 1.0 5.0 μL 5.0 μL
Staphylococcus aureus BS364 1.0 5.0 μL 5.0 μL
Pseudomonas aeruginosa BS340 2.7 13.5 μL 5.0 μL
Pseudomonas aeruginosa BS341 2.7 13.5 μL 5.0 μL
Pseudomonas aeruginosa BS342 2.7 13.5 μL 5.0 μL
Pseudomonas aeruginosa BS343 2.7 13.5 μL 5.0 μL
Pseudomonas aeruginosa BS344 2.7 13.5 μL 5.0 μL
Pseudomonas aeruginosa BS345 2.7 13.5 μL 5.0 μL
Pseudomonas aeruginosa BS693 2.7 13.5 μL 5.0 μL
Pseudomonas aeruginosa BS694 2.7 13.5 μL 5.0 μL

Total per run 29.6 148.0 μL 80.0 μL

Multiplexing 13 species (_13sp_)

Staphylococcus aureus BS87 1.0 5.0 μL 5.0 μL
Staphylococcus aureus BS297 1.0 5.0 μL 5.0 μL
Enterococcus faecium BS772 1.2 6.0 μL 5.0 μL
Enterococcus faecium BS773 1.2 6.0 μL 5.0 μL
Enterococcus faecalis BS352 1.2 6.0 μL 5.0 μL
Acinetobacter baumannii BS350 1.6 8.0 μL 5.0 μL
Clostridioides difficilec BS355 1.6 8.0 μL 5.0 μL
Enterobacter cloacae BS349 1.9 9.5 μL 5.0 μL
Klebsiella aerogenesd BS348 2.0 10.0 μL 5.0 μL
Serratia marcescens BS771 2.0 10.0 μL 5.0 μL
Escherichia coli BS346 2.1 10.5 μL 5.0 μL
Klebsiella pneumoniae BS334 2.2 11.0 μL 5.0 μL
Klebsiella oxytoca BS338 2.3 11.5 μL 5.0 μL
Pseudomonas aeruginosa BS339 2.7 13.5 μL 5.0 μL
Pseudomonas aeruginosa BS693 2.7 13.5 μL 5.0 μL
Burkholderia cepacia BS351 3.1 15.5 μL 5.0 μL

Total per run 29.8 149.0 μL 80.0 μL
The equivalent S. aureus (EqSa) genome size for each species (see Table 1) was used to define the number of samples to include in the run so as to be the closest to 30 EqSa.
EqSa: equivalent S. aureus.

a Equimolar library pooling strategy (R3).
b Equal-volume library pooling strategy (R0).
c Formerly known as Clostridium difficile.
d Formerly known as Enterobacter aerogenes.
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for 600). This reductionwas advantageous for routine use considering re-
sult delivery time and day shift. Metrics (Additional file 2: Table S2) from
all MiSeq 2 × 200 bp runs were within the manufacturer's specifications.

According to Illumina specifications for MiSeq sequencing with Re-
agent kit v3 (i.e., 50 million paired-end reads passing filter for the max-
imal cluster density of 1400 k/mm2), a single run of 2× 200 base paired-
end reads theoretically generates 5 billion bases (5 Gb) per DNA strand.
To obtain a minimal depth per sample of 45× (i.e., required for our bio-
informatics pipeline) and using S. aureus minimal (2.6 Mbp), median
(2.9 Mbp), or maximal (3.1 Mbp) genome size, the theoretical maxi-
mum number of S. aureus samples per run was n = 42, n = 38, or
n = 35, respectively. In this study, considering that it was suitable to
add a safety margin because cluster density is not systematically maxi-
mal (i.e., typically 900–1200 k/mm2), themaximumnumber of samples
was set at 30 S. aureus (or equivalent) in a single MiSeq run.

2.5. Sequencing run composition

2.5.1. Runs multiplexing 2 species
Two runs multiplexing strains of S. aureus and P. aeruginosa were

performed using either equal-volume R0 (2sp_R0) or equimolar R3
(2sp_R3) strategy. The same normalized libraries, corresponding to 8
different strains per species and a total of 29.6 EqSa samples (Table 2),
were sequenced in each run using 2 different MiSeq sequencers.
2.5.2. Runs multiplexing 13 species
Three runs multiplexing strains belonging to 13 bacterial species

were performed. The same gDNA extractswere used for all library prep-
arations (i.e., 3 sets independently prepared). All library preparations
and sequencing runs were performed on different days. To respect a
maximumof 30 EqSa samples per run, 16 sampleswere sequenced, cor-
responding to 1 strain per species except for S. aureus, E. faecium, and
P. aeruginosa (2 strains); each run included a total of 29.8 EqSa samples
(Table 2). One run (13sp_R0) was performed using the traditional
pooling strategy. To evaluate reproducibility, the run using the alterna-
tive R3 was done twice (13sp_R3a and 13sp_R3b) on the same MiSeq
sequencer (i.e., only flow cells and reagents were different) with librar-
ies prepared and normalized separately.

2.6. Genome size determination for the bacterial species

For each bacterial species the minimal, median and maximal genome
sizes were determined using publicly available genome sequences
from the National Center for Biotechnology Information (NCBI, version
of September 21, 2015). Genomes with size bQ1−[3×(Q3−Q1)] or
NQ3+[3×(Q3−Q1)] were excluded (Q1 and Q3 are the first and third
quartiles, respectively). The number of genomes (i.e., total, excluded,
and selected) for each species was described in Additional file 3:
Table S3.



Fig. 1.Genome size and coverage depth of samples sequenced in 2-species runs. The same S. aureus (▲) and P. aeruginosa (♦) normalized librarieswere pooled according to either equal-
volume (Run 2sp_R0) or equimolar (Run 2sp_R3) strategy. Dotted line indicates the minimum depth (45×) required. Genome size and coverage depth values are detailed in Table S1.
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2.7. Data analysis

De novo assembly (reference-free approach) was performed using the
A5-MiSeq open-source pipeline (Coil et al. 2015) especially to deter-
mine coverage depth and genome size of each sequence. Read cleaning
consisted in removing the sequencing adapters using Trimmomatic
(Bolger et al. 2014). Then, the reads were filtered and trimmed further
according to quality and length criteria (Additional file 4: Table S4)
using Trimmomatic and the preprocess function of String Graph Assem-
bler (SGA) (Simpson and Durbin 2012). Finally, SGAwas used to correct
errors in the reads by a k-mer frequency-based method. After being
quality filtered and error corrected, the reads were assembled by the
IDBA-UD500 with k-mer lengths from 35 to read length minus 1
(Peng et al. 2013). The reads were then mapped against the assembly
using BWA-MEM (Li 2014) in order to polish the contigs at every posi-
tion where base-calls differed between the mapping and the assembly.
Fig. 2.Genome size and coveragedepth of samples sequenced in 13-species runs. Three normali
equal-volumeR0 (Run13sp_R0) or equimolar R3 (Runs 13sp_R3a and 13sp_R3b) strategy. The
values were detailed in Table S1.
3. Results

A first experimentwas performed to assess the impact of the alternative
equimolar library pooling strategy (hereafter referred to as R3) on cov-
erage depth when the difference in genome size is more than 2-fold.
Two sequencing runs multiplexing strains from 2 species were per-
formed using either traditional R0 or alternative R3 strategy. De novo
assemblies were generated from raw data of both runs to determine
coverage depth and genome size of each sample (Fig. 1 and Additional
file 5: Table S5). Using R0, 2 clusters corresponding to both bacterial
species were clearly distinct. Depths were between 150× and 260× for
S. aureus samples but lower than 110× for all P. aeruginosa samples.
Among P. aeruginosa samples, 4 (BS340-BS343) even generated a
depth (28×–40×) lower than the minimum 45× required, for which a
retest is warranted. For R3, more homogeneous coverage depths were
observed between samples of both species, with approximately
90×–170× for S. aureus and 55×–170× for P. aeruginosa. Depth was
zed library sets, independently prepared on different days,were pooled according to either
dotted line indicates theminimumdepth (45×) required. Genome size and coverage depth
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systematically higher than 45×, especially for the 4 samples (BS340-
BS343) with the lowest depths between 55× and 63×. So upon using
R3, not a single sample needed retesting, whichmakes it a more attrac-
tive option than R0.
Multiplexing strains belonging to 13 bacterial species was performed
using both the R0 and R3 strategies. Cluster density was slightly higher
for run R3a (1263 k/mm2) than for run R3b (1007 k/mm2). De novo as-
sembly was performed from raw data of all 3 runs, and coverage depth
and genome size of each sample were determined as before (Fig. 2 and
Additional file 5: Table S5). Depths obtained using R0 were between
68× (BS338) and 150× (BS772). For both R3 runs, depths ranged from
71× (BS771) to either 193× or 170× (BS772, in R3a and R3b, respec-
tively). Variability between the 2 R3 runs is consistent with that ob-
served in our hands for independently and manually prepared
libraries, with samples having similar coverage depths (see Table S1:
BS297, BS771, BS355) and others having significant different depths
(see Table S1: BS693, BS350). However, depth of all sequenced samples
was higher than the required minimum (i.e., 45×, see section 2.4) for
both strategies.
4. Discussion

For multiplexing in a single sequencing run, NGS platformmanufac-
turers classically recommend an equal-volume library pooling strategy.
Even if this strategy is well suited for multiplexing bacterial isolates
from the same species, equimolar library pooling is more adapted to
multispecies multiplexing. This makes it highly attractive for genomic
investigations involving several pathogenic bacteria, such as those con-
ducted to track the spread of multidrug-resistant organisms in
healthcare settings (Kanamori et al. 2017): this is why we compared
both strategies using HAI-related bacterial species.

In this study, the requiredminimum sequencing depth had been set
to 45× to ensure reliable downstream analyses by our bioinformatic
pipeline. To obtain such depth, the maximal sample number has been
set at 30 EqSa perMiSeq run.However, for other bioinformatic pipelines
requiring different depth values, the maximal sample number could
vary inversely to the minimum depth.

To reduce the insufficient depth-based retesting risk in a multispe-
cies NGS run, we used the equimolar strategy (R3). R3 is most effective
when the interspecies genome size difference is large. As an example,
R3 multiplexing of 8 S. aureus and 8 P. aeruginosa generated a depth
that was always higher than 45×, while for R0, 25% of the samples had
an insufficient depth. When 13 species were multiplexed, no retesting
was needed whatever the library pooling strategy used. For such runs,
the size of the genomes ranged between 3 and 7 Mbp including inter-
mediate sizes (i.e., 4–5 and 5–6 Mbp), and the sample distribution
within the different-sized segments was relatively homogeneous (e.g.,
3 to 5 samples per size segment). Consequently, the relative molar dif-
ferenceswere smaller in the R0 runwith 13 species thanwith 2 species,
which could explain the absence for the need to retest. A complemen-
tary experiment (data not shown), performed with strains belonging
to 6 species (S. aureus, E. faecalis, C. difficile, K. aerogenes, K. oxytoca,
and B. cepacia) and a strict equimolar strategy, tends to confirm this
since it showed a more homogeneous coverage depth (65×–155×)
than R0 (50×–220×). In addition, considering all R3 runs (i.e., with
13 or 2 species), the alternative strategy has no negative impact at
all, so it could be systematically used for library pooling of anymultispe-
cies runs.

R3 reduces but does not fully eliminate the retesting risk, notably be-
cause interspecies genome size is not the only factor involved: other ex-
perimental factors such as library preparation and/or cluster generation
efficiency come into play. Depth differences we observed for some ge-
nomes between 13-species R3 runs are a good example of variability
linked to library preparation. Two independently prepared sets of li-
braries from the same gDNA samples were sequenced on the same
MiSeq sequencer. Even if manual operations are probably a crucial pa-
rameter to consider, the Nextera XT library prep kit using an engineered
transposase for in-solution tagmentation could also generate significant
variability. Note that Illumina recently commercialized a new version of
library prep kit (e.g., Nextera DNA Flex), which uses on-bead
tagmentation to minimize bias and should provide more robust and re-
producible sequencing data.

R3 could potentially be used with other NGS platforms or technolo-
gies. As a recently described example, PacBio long-read NGS libraries
pooled at equimolar representation resulted in relatively even depth
(137–224×) of all genomes belonging to 8 bacterial species with ge-
nome sizes ranging from 2.7 to 5.7 Mbp (Heiner et al. 2018).

R3 might as well be used for multiplexing other species of bacteria
with large genome size variability. To calculate genome size equivalence
factors, a value (e.g., minimum, median, and/or maximum) must be
chosen to summarize genome size distribution. This choice should be
made according to the tradeoff desired between benefit (i.e., reduce
retesting risk) and cost (i.e., maximize sample number per run).
5. Conclusions

Using a menu comprising 13 clinically relevant bacterial species,
equal-volume and equimolar library pooling strategies were compared
for multiplexing samples in a single NGS run. Because of bacterial ge-
nome size variability, the risk for retesting due to insufficient coverage
depth can be significant when equal-volume strategy is used. Con-
versely, use of equimolar strategy reduces this risk and controls the as-
sociated costs, particularly when interspecies genome size difference is
more than 2-fold. Whatever NGS library preparation method, platform,
and technology, the equimolar strategy should lead to more cost-effec-
tive WGS applications in clinical microbiology.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.diagmicrobio.2019.04.014.
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