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A B S T R A C T   

Four enzymatic DNA library preparation kits were compared for sequencing Shiga toxin-producing E. coli. All kits 
produced high quality sequence data which performed equally well in the downstream analyses for surveillance 
and outbreak detection. Important differences were noted in the workflow user-friendliness and per sample cost.   

Whole genome sequencing (WGS) library preparation based on 
enzymatic fragmentation has increased in popularity, particularly in 
smaller clinical and public health laboratories. Unlike DNA library 
preparation based on mechanical fragmentation, the enzymatic pro
cedure requires a minimal amount of input DNA and has no need for 
dedicated equipment for DNA fragmentation (Deurenberg et al., 2017). 
Several recent reports have indicated that one of the earliest enzymatic 
library preparation kits, the Illumina Nextera XT, has a substantial GC 
bias resulting in uneven sequence coverage in extreme AT and GC rich 
regions which in turn negatively affects the downstream bioinformatic 
analyses (Sato et al., 2019; Seth-Smith et al., 2019; Li et al., 2020; Uelze 
et al., 2020; Haendiges et al., 2021). In this study, we compared the 
performance of four more recent enzymatic library preparation kits by 
sequencing a diverse set of Shiga toxin-producing E. coli (STEC) strains. 
STEC have an average GC content of 51%, but several genomic regions 
containing critical genes for strain characterization such as the rfb gene 
cluster encoding the O serogroup and the pathogenicity island con
taining the type III secretion system have a GC content as low as 30% 
(Wang and Reeves, 2000; Brown and Finlay, 2011). 

Twenty-five STEC strains representing nine different serotypes from 
past outbreaks and sporadic cases were included in the study (Suppl. 
Table S1 Tab 1). DNA was extracted using the DNeasy Blood and Tissue 
kit (Qiagen, Germantown, MD) following the PulseNet standard oper
ating procedure (SOP) PNL33 (https://www.cdc.gov/pulsenet/ 

pathogens/wgs.html). The following four library preparation kits were 
used: Illumina DNA Prep (formerly Nextera DNA Flex, Illumina, Inc., 
San Diego, CA), Qiagen QIAseq FX (Qiagen), KAPA HyperPlus (Roche, 
Indianapolis, IN) and NEBNext Ultra II FS (New England Biolabs, Ips
wich, MA). Manufacturers’ instructions were followed to obtain the 
desired fragment size of 500–1000 bp except for modifications outlined 
in Supplemental Table S2. All four DNA libraries for 25 strains each were 
sequenced to the minimum average coverage of 40× on the Illumina 
MiSeq using both 300 and 500 cycle chemistries. All 200 sequences were 
analyzed using BioNumerics 7.6.3 (Applied Maths, Sint-Martens-Latem, 
Belgium) following the PulseNet workflow for core genome multi-locus 
sequence typing (cgMLST) and genotyping as described by Tolar et al. 
(2019) and Ribot et al. (2019). Sequence reads for one strain, 2015EL- 
1671a (original coverage 54-93× depending on the library prep/ 
sequencing chemistry combination), were down-sampled to 50×, 40×, 
30×, 20× and 10× coverage levels using the Computational Genomics 
Pipeline (CG-Pipeline; https://github.com/lskatz/CG-Pipeline; (Katz 
et al., 2011)) in order to determine the minimum coverage level for 
accurate detection of key genes and relatedness. Sequence coverage was 
visualized for the wzx gene (part of the rfb gene cluster and a common 
target for O antigen determination) of two strains by generating read 
mappings against reference assemblies (Spades 3.7.1 draft assemblies 
exported from BioNumerics) for each isolate using bowtie2, followed by 
coverage determination with Samtools mpileup (www.htslib.org) and 
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plotting of coverage data in R v.4.0.5 (www.r-project.org/ject.org) using 
ggplot2 v.3.3.3 and egg v.0.4.5. The accession numbers for the raw se
quences deposited in the National Center for Biotechnology Information 
are listed in Supplemental Table S1 Tab 1. 

The workflows and the pricing of the four library preparation kits are 
compared in Fig. 1a–e. The Illumina DNA Prep provided the most 
streamlined and fastest workflow with fewest processing steps, no 
normalization of the input DNA concentration and no quantification of 
the individual libraries resulting in a total processing time (includes 
hands-on time and thermal cycler steps) of 2.75 h (Fig. 1d). The work
flow of the KAPA HyperPlus kit, on the other hand, was most complex 
and slowest of the four (Fig. 1b). The per sample cost without ancillary 
supplies and labor (Fig. 1e) was lowest for the NEBNext Ultra II kit at 
$32 and highest for the Kapa HyperPlus kit at $59. The quality of the raw 
reads and assemblies is summarized in Table 1. All kits produced raw 
reads with high quality scores. The average read lengths were close to 
the maximum for all datasets except for the Illumina DNA Prep 500 cycle 
sequences where 11 out of 25 sequences had an average read 
length < 210 bp (Suppl. Table S1 Tab 3). The KAPA HyperPlus and 
QIAseq FX library preps produced the highest quality assemblies in 
terms of number of contiqs and N50 while the assembly lengths were 
comparable across all four kits (Table 1). While all sequences passed the 
minimum threshold of 95% for percentage of core genome alleles 
detected, ten out of 25 Illumina DNA Prep 300 cycle sequences had 1–2 
percentage points lower values compared to the other kits (Suppl. 
Table S1 Tab 3). The seven-gene multi-locus sequence type (MLST) was 

assigned for all sequences except one NEBNext Ultra II 500 cycle 
sequence which had different alleles detected from assembly-free and 
assembly-based allele calling for the icd gene. The difference between 
the alleles was a single C to A mutation (Suppl. Table S1 Tab 2). There 
were no discrepancies detected in the serotype (Suppl. Table S1 Tab 1) 
or antimicrobial resistance profile (Suppl. Table S1 Tab 5) prediction 
among the four library preps. The main STEC virulence genes (stx sub
type, eaeA, ehxA) were also correctly detected from all sequences using 
in-silico PCR (Suppl. Table S1 Tab 1). The blast-based virulence profile 
prediction missed the toxB gene from one KAPA HyperPlus 300 cycle 
sequence and the tccP gene from one NEBNext Ultra II 300 cycle 
sequence (Suppl. Table S1 Tab 6). Plasmid profile prediction was 
concordant from all sequences with the exception of one small col-like 
plasmid missing from one Illumina DNA Prep 300 and 500 sequence 
each (Suppl. Table S1 Tab 7). Clustering by cgMLST showed no allele 
differences between the four library preps for twenty strains while four 
strains exhibited up to one allele difference between the library preps 
and for one strain the sequences from the different library preps differed 
by three alleles (Suppl. Table S1 Tab 4). The coverage down-sampling 
did not reveal significant differences between the kits with a mini
mum of 30× coverage required for reliable downstream analysis (Suppl. 
Table S3 Tabs 1–7). The read distribution graphs for the wzx gene 
(Fig. 2a–d) revealed 10× or higher coverage for over 90% of the gene 
length with the highest overall coverage provided by the NEBNext kit 
and lowest by the KAPA HyperPlus kit. 

The Illumina DNA Prep kit provided the fastest and most user- 

Fig. 1. Comparison of laboratory workflows and per sample cost for the four library preparation kits evaluated. (a) NEB Ultra II FS Workflow: 1 quantification step, 4 
thermal cycler (TC) steps, 3 bead steps. Approximately 4.5 h [Hands-on: 3 h 10 min, TC: 80 min]. (b) KAPA HyperPlus Workflow: 1 quantification step, 4 thermal 
cycler steps, 3 bead steps. Approximately 5 h [Hands-on: 3 h 45 min, TC: 80 min]. (c) Qiagen QIAseq FX Workflow: 1 quantification step, 3 thermal cycler steps, 4 
bead steps. Approximately 4.75 h [Hands-on: 3 h 30 min, TC: 80 min]. (d) Illumina DNA Prep workflow: 1 quantification step, 3 thermal cycler steps, 2 bead steps. 
Approximately 2.75 h [Hands-on: 1 h 45 min, TC: 60 min]. (e) Per sample cost includes the library preparation kit, indexes and beads. Quoted prices are based on the 
company list prices in US dollars in June 2021 and do not include ancillary reagents, supplies or labor. 
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friendly workflow. The only drawback was having to handle and pipet 
beads throughout the entire procedure which may initially make the kit 
more challenging for novice users resulting in suboptimal read lengths 
as was seen particularly with the 500 cycle dataset. The high per sample 
cost for the Illumina DNA Prep may be offset by less hands-on technician 
time needed compared to other kits. All four kits generated high quality 
data that performed equally well in the downstream analyses with a 
comparable number of alleles and percentage of core genome detected 
despite the slight differences in the quality of assemblies. The excellent 
performance can be attributed to the even coverage all four kits gener
ated for genomic regions that are challenging to sequence due to high or 
low GC content, a finding that was also recently reported by Sato et al. 
(2019). In fact, only 10× coverage was needed in the coverage down- 
sampling experiment to accurately predict the serotype, which is 
considerably less than the 40× minimum coverage requirement origi
nally set by PulseNet for STEC sequenced using the Nextera XT kit 
(Lindsey et al., 2016). The small differences noted in the overall detec
tion of core genome alleles, virulence profile genes and small plasmids 

do not impact surveillance and outbreak detection since in the PulseNet 
surveillance a cluster is coded if three or more clinical isolates are within 
ten alleles and at least two of them are within five alleles (Tolar et al., 
2019). We hypothesize that the missed 7-gene MLST type for one 
NEBNext Ultra II sequence may have been caused by a sequencing error 
amplified by the unusually high coverage (273×) for that particular 
sequence as C substitutions are a known error profile for the MiSeq 
(Schirmer et al., 2015). 

In conclusion, Illumina DNA Prep, KAPA HyperPlus, NEBNext Ultra 
II FS and QIAseq FX all generate high quality sequence data for STEC 
surveillance with negligible differences in downstream analysis. The 
choice of the kit comes down to availability, local pricing and individual 
laboratory workflow considerations such as automation. The findings of 
this study can also be extrapolated to other surveillance methods, such 
as high-quality single nucleotide polymorphism (hqSNP) and whole 
genome MLST (wgMLST). The quality of the data produced by all four 
kits exceeds the minimum quality requirements set forth by the quality 
assurance program of the PulseNet and GenomeTrakr networks for 

Fig. 2. Depth of coverage graphs for the wzx gene for two isolates sequenced using the four library preparation kits evaluated and both 300 and 500 cycle MiSeq 
chemistries. (a) Isolate 2015C-3865 (O181:H49) sequenced using 300 cycle chemistry (b) Isolate 2015C-3865 sequenced using 500 cycle chemistry (c) Isolate 
2015EL-1671a (O130:H11) sequenced using 300 cycle chemistry (d) Isolate 2015EL-1671a sequenced using 500 cycle chemistry. X-axis displays the wzx gene po
sition in base pairs and Y-axis the coverage in each nucleotide position. The black horizontal line denotes the 40× minimum average coverage used by PulseNet for 
Escherichia. 

Table 1 
Average values for key quality control (QC) metrics by library preparation method and MiSeq sequencing chemistry for 25 sequenced samples per library prep method.  

Library prep & seq. 
chemistry 

Read 
lengtha 

Read 
qualityb 

No. of 
contigs 

N50 Assembly 
length 

No. of 
alleles 

% core 
present 

No. of bases 
Nc 

De novo 
coverage 

FLEX_300 146 36 229 121,486 5,239,838 5776 98.7 605 58 
KAPA_300 149 36 193 123,899 5,246,121 5794 99.1 639 61 
NEB_300 149 37 218 120,801 5,246,111 5803 99.0 480 61 
QIA_300 150 36 200 123,137 5,245,933 5803 99.2 426 62 
FLEX_500 221 35 228 138,305 5,302,858 5811 99.4 374 91 
KAPA_500 245 35 192 143,117 5,306,647 5795 99.0 877 64 
NEB_500 243 35 217 137,128 5,305,692 5817 99.3 265 138 
QIA_500 247 35 196 143,502 5,307,218 5812 99.3 377 71 

The QC metrics were generated in the BioNumerics 7.6.3 software and averages calculated in Excel. 
a Read lengths averaged for reads 1 and 2 in base pairs. 
b Quality scores averaged for reads 1 and 2. 
c Ambiguous bases in the de novo assembly. 
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hqSNP analysis (Timme et al., 2020). Additionally, based on the total 
number of genes detected (5500-6000) per strain, the accessory genome 
is adequately captured to perform wgMLST (Rasko et al., 2008). 

The findings and conclusions in this presentation are those of the 
authors and do not necessarily represent the views of the Centers for 
Disease Control and Prevention. Use of trade names is for identification 
only and does not imply endorsement by the Centers for Disease Control 
and Prevention or by the U.S. Department of Health and Human 
Services. 
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