Duration of multiple displacement amplification affects intact genome quality for whole
genome sequencing of Chlamydia trachomatis
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Abstract
Chlamydia trachomatis represents the leading bacterial cause of sexually transmitted diseases
worldwide. Complicated diseases include pelvic inflammatory disorder, ectopic pregnancy,
female and male infertility, eye infections in newborns of the infected mothers, and
predisposition to cervical cancer following human papillomavirus infection. Recently,
chlamydiologists found complicated diseases associated with persistent chlamydial infection,
defined as ability of an organism to remain viable in a non-culturable and non-active state.
Subsequently, molecular techniques became important for chlamydial study. The present
study investigated the possibility for whole genome sequencing of C. trachomatis from 10-20
ng genomic DNA using multiple strand displacement amplification (MDA) combined with
next generation sequencing. The study could successfully whole-genome sequence
chlamydiae, but with 16 h instead of 1.5 h for MDA: independent experiments were
performed. While both 1.5 h and 16 h MDA products yielded sufficient DNA for whole
genome sequencing, only the 16 h MDA product demonstrated intact genome upon
electrophoresis and Bioanalyzer analyses, and could successfully be sheared to 175-220 bp
fragments by Covaris E210 and fragmentase. Fragment library preparation is beginning step
in whole genome sequencing. Conclusively, modification from 1.5 to 16 h MDA is required
for C. trachomatis whole-genome sequencing using REPLI-g UltraFast Mini Kit (Qiagen,
California, USA) followed by Ion Torrent Personal Genome MachineTM System (Life
Technologies, California, USA). C. trachomatis strain E(s)/Bour was thereby sequenced
entire chromosome (1,042,489 bp) and plasmid (7,502 bp). The chromosome had 41.31% GC
content, and was most closely related to E/Bour (GenBank accession number HE601870).
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Introduction
Chlamydia trachomatis is a major bacterial cause of sexually transmitted diseases worldwide
(WHO, 2007). Diseases are broad, ranging from asymptomatic to mild to serious diseases,
depending on the strain, the human host immunity and the history of infection. Serious
clinical outcomes include female and male infertility, ectopic pregnancy, pelvic inflammatory
disorder, and blindness in babies born from infected mothers. Moreover, infection supported
attainment of high-risk human papillomavirus (HPV) causing cervical cancer. Recently,
chlamydiologists found complicated diseases were associated with persistent chlamydial
infection, defined as ability of an organism to remain viable in a non-culturable and nonactive state (Dean and Powers, 2001; Mpiga and Ravaoarinoro, 2006; Somboonna et al.,
2008). Hence, molecular techniques were important for chlamydial study, and the ability to
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whole genome sequence chlamydiae from a minute amount of genomic DNA allowed
sequencing of the clinical persistent strain.
C. trachomatis has 3 different forms: elementary body (EB), reticulate body (RB), and
aberrant (reticulate) body (AB). C. trachomatis is obligate intracellular, meaning it only has
activity when is inside the host cell in a host-derived vacuole termed inclusion body in RB or
AB forms. C. trachomatis transforms to EB, infectious but no metabolic form, when it is
outside the host cell.
To date, whole genome sequencing (WGS) from a single cell or a minute amount of DNA
was possible by multiple strand displacement (MDA) technique. This technique offers
uniform whole genome amplification with low error amplification rate, compared with
polymerase chain reaction (PCR). MDA utilizes unique DNA polymerase that can replicate
2-100 kb without dissociation from the genomic template with 3'-to-5' exonuclease
proofreading activity (Hosono et al., 2003; Spits et al., 2006). The MDA genomes were
indistinguishable from the original genomes in their sequence and length (Hosono et al.,
2003; Paez et al., 2004; Raghunathan et al., 2005). Subsequently, a single cell by flow
cytometry or a minimal fraction of genomic DNA by just 10 ng could be whole-genome
sequenced using MDA combined with next generation sequencing (NGS) approach (Hongoh
et al., 2008; Woyke et al., 2010). This approach is important when sample is limited, non- or
hardly propagated, or a single cell data is required. Nevertheless, this approach is relatively
new, and variations in the duration of MDA among researches were noted: MDA kit (REPLIg UltraFast Mini Kit) stated 1.5 hours (h) for MDA, whereas many literatures reported use of
16 h MDA. The present study thereby examined durations of MDA, 1.5 h versus 16 h, and
their success in NGS preparation and WGS of C. trachmatis using Ion Torrent Personal
Genome MachineTM (PGM) System.
The genomic DNA in this study, entitled E(s)/Bour and pE(s)/Bour, represented another live
single clone of C. trachomatis isolate E/Bour (GenBank accession number HE601870 for
chromosome E/Bour, HE603212 for plasmid pE/Bour) (Harris et al., 2012) that was
distributed to a different laboratory in California since 1959 (Hanna et al., 1959). At that
time, the plaque-purification and shotgun modified plaque-isolation techniques for
segregation of single clones had not been established, so the proof to the origin of the original
E/Bour isolate remained poor. Meanwhile E/Bour was distributed to worldwide laboratories
and currently serves a widespread reference serovar in chlamydial researches, whether the
original E/Bour was a single clone or mixed clones remain unknown. The entire genome
sequence data of our single clone E(s)/Bour and pE(s)/Bour thereby helped understand the
origin and genetic evolution of C. trachomatis E/Bour. The study also helped understand the
consistency or variation among researches using E/Bour as reference. Note C. trachomatis
E/Bour is respected a common and essential reference strain among chlamydiologists,
because this strain belongs serovar E, which respected the main serovar that is associated
with sexually transmitted diseases globally (WHO, 2007).
Methodology
C. trachomatis strain and genomic DNA preparation
The E(s)/Bour kindly provided by Dr. Deborah Dean was a live plaque-purified, single clone
from E/Bour isolate (Figure 1) (Somboonna et al., 2008). The single propagated clone was
purified for the EBs by gradient ultracentrifugation, and for the total nucleic acids using High
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Pure PCR Template Preparation Kit (Roche Diagnostics, Indianapolis, IN, USA) (Dean and
Powers, 2001; Somboonna et al., 2008).

Figure 1: 400 inverted light microscopic photograph of C. trachomatis E(s)/Bour at 48 h
post-infection. Arrows indicate inclusion bodies where E(s)/Bour reside.
Whole genome amplification and genome quality examination
Independent replicates of 10-26.35 ng of starting genome were whole-genome amplified
using REPLI-g UltraFast Mini Kit (Qiagen, California, USA) for 1.5 h or 16 h. The MDA
products were examined for size, purity and concentration by agarose gel electrophoresis and
NanoDrop spectrophotometry. According to the manufacturer, the WGA products should be
around 10 kbp, although 2-100 kbp is possible, and should yield 6.65-9.50 µg per 20 µl
reaction. The products were also checked for the whole genome amplification error rate by
genotyping of outer membrane protein gene A (ompA) and tryptophan synthesis gene A
(trpA), compared with those of the E/Bour sequences. ompA and trpA were PCR following
established protocols (Somboonna et al., 2008), and sequenced by Macrogen Inc. (Korea).
Each 25-μl PCR reaction comprised 1×EmeraldAmp® GT PCR Master Mix (TaKaRa, Shiga,
Japan), 0.3 μM of each primer, and 50 ng of the template DNA. The PCR conditions were
95°C for 3 min, and 30 cycles of 94°C for 45 s, 45°C (for ompA) or 50°C (trpA) for 1 min
and 72°C for 2 min 30 s, followed by 72°C for 10 min. The nucleotide (nt) polymorphism
were analyzed using MEGA 4.0 (Tamura et al., 2007). The 1.5 h and 16 h replicates with the
least single nucleotide polymorphisms (SNPs) were used for WGS.
Ion Torrent library preparation and sequencing
WGS was performed using Ion Torrent PGM System (Life Technologies, California, USA),
following manufacturer's instructions (Hassan et al., 2012; Quail et al., 2012). Briefly, 1-5 µg
of the 1.5 h and 16 h MDA products were prepared fragment libraries by Ion Fragment
Library Kit (Ion Torrent), using Covaris E210 acoustic shearing device (Covaris Inc.) or
enzymatic fragmentase (Ion Xpress Fragment Library Kit). Fragments were analyzed for size
and quantity using Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., California, USA).
The fragments around 175-220 bp were selected for enrichment step by emulsion PCR using
Ion XpressTM Template Kit (Ion Torrent). Sequencing was performed on 316 chips using Ion
Sequencing Kit (Ion Torrent), following manufacturer protocol.
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Results
1.5 h and 16 h MDA-WGA quantity and quality
C. trachomatis E/Bour was plaque-purified for a single clone, named E(s)/Bour (Figure 1)
(Somboonna et al. 2008). 10-26.35 ng of the purified E(s)/Bour genome were WGA by
MDA. Replicates for 1.5 h MDA included: replicate 1 (rep1) and rep2 each 20 ng, and rep3
and rep4 each 10 ng. For 16 h included: rep1 20 ng, rep2 26.35 ng, and rep3 10 ng. Table 1
described the concentration and quality of all MDA replicates. The 1.5 h showed relatively
greater total DNA yield than the 16 h MDA. Agarose gel electrophoresis demonstrated
appropriate bands at above 10 kb for all 16 h MDA replicates, however, for 1.5 h MDA only
rep2 showed band with the correct size while the other replicates showed faint smear (Figure
2).
Table 1: NanoDrop spectrophotometry results of 1.5 h and 16 h MDA replicates at various
starting DNA templates.
DNA concentration Total volume Total DNA
Sample name
A260/A280
(ng/µl)
(µl)
(µg)
1.5h.rep1.orig20ng
1.84
353.33
19
6.71
1.5h.rep2.orig20ng
1.82
338.33
19
6.43
1.5h.rep3.orig10ng
1.83
312.50
19
5.94
1.5h.rep4.orig10ng
1.79
290.00
19
5.51
16h.rep1.orig20ng
1.67
270.00
18
4.86
16h.rep2.orig26.35ng 1.79
209.17
18
3.77
16h.rep3.orig10ng
1.74
245.00
18
4.41

Figure 2: Agarose gel electrophoretic photograph showing 1.5 h and 16 h MDA products.
Each sample was 1:25 diluted, and 8 µl each was loaded. rep abbreviates independently
replicate MDA experiments. Middle lane represents 1 Kb Plus DNA Ladder, where the top
band of the 1 Kb Plus DNA Ladder is 10 kb.
SNP analysis of ompA and trpA E(s)/Bour MDA-WGA products compared with E/Bour
All MDA-WGA were successfully PCR amplified for ompA and trpA. To obtain full-length
ompA sequence, two PCR reactions were performed: the first half was 866 bp and the second
half was 839 bp. All the MDA replicates yielded the bands at the corresponding sizes (Figure
3). Comparing the MDA-WGA ompA sequences against that of E/Bour showed SNPs of less
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than 1-10 per 1,000 bp. The computed pairwise distance by nucleotide (nt) difference and pdistance methods showed 2 out of 4 for the 1.5 h (50%) and 2 out of 3 for the 16 h (66.67%)
with ≤ 1.69 SNPs per 1,000 nt. The replicates with the least ompA SNPs were
1.5h.rep2.orig20ng, 1.5h.rep4.orig10ng and 16h.rep1.orig20ng (Table 2). The 1.5 h were also
trpA PCR and sequenced, and all the replicates showed ≤ 1.31 SNPs per 1,000 nt
(unpublished data).
A.

B.

Figure 3: Agarose gel electrophoretic photographs for ompA first-half (left) and second-half
(right) amplicons of 1.5 h (A) and 16 h (B) MDA-WGA. Middle lane represents 100 bp Plus
DNA Ladder. NTC abbreviates no template control.
Table 2: Pairwise nucleotide distance between MDA ompA against E/Bour ompA based on
number of nt difference (A) and p-distance (B)
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A.
1.5h.rep1. 1.5h.rep2. 1.5h.rep3. 1.5h.rep4. 16h.rep1. 16h.rep2. 16h.rep3.
orig20ng orig20ng orig10ng orig10ng orig20ng orig26.35ng orig10ng
6
1
7
1
1
2
10
B.
1.5h.rep1. 1.5h.rep2. 1.5h.rep3. 1.5h.rep4. 16h.rep1. 16h.rep2. 16h.rep3.
orig20ng orig20ng orig10ng orig10ng orig20ng orig26.35ng orig10ng
.005
.001
.006
.001
.001
.002
.008
Analysis of WGS preparation and sequencing
One µg of either 1.5 h or 16 h MDA sample with the least ompA and trpA SNPs
(1.5h.rep2.orig20ng, 1.5h.rep4.orig10ng and 16h.rep1.orig20ng) were selected for WGS
preparation and sequencing. For construction of fragment library using Covaris E210, no
peak between 175 bp and 220 bp size was observed for the 1.5 h but the 16 h MDA samples
(Figure 4A-B). The samples were also fragmented by fragmentase via Ion Xpress Fragment
Library Kit. While the 1.5 h only appeared a band once and never again for any repeat
experiments, the 16 h MDA always resulted in ~175-220 bp peak (Figure 4C-D). Of note is
that the Ion Torrent PGM System requires a fragment selection around this nt length, and
using the protocols should yield the peak around this length. No peak infers poor DNA
quality, as size shearing is more efficient for whole genome than degraded or partial genome.
A.

B.

C.
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D.

E.

Figure 4: Agilent 2100 Bioanalyzer revealed fragment libraries (A-D) and emulsion PCR
enrichment (E) of the E(s)/Bour 1.5-h and 16-h MDA products. A and B, 1.5 h and 16 h
MDA-sheared genomic fragments by Covaris E210; and C and D, by fragmentase.
Successful shearing reaction should yield fragment between 175 bp and 220 bp size. E, the
16 h MDA fragment remained through the final step of WGS preparation (PCR enrichment).
The 1.5 h and 16 h fragments corresponding to 175-220 bp were selected, and enriched by
emulsion PCR using Ion XpressTM Template Kit. After the enrichment, only the 16 h peak
remained (Figure 4E). Four independent experiments, with similar condition and with up to 5
µg starting MDA-WGA, were attempted and similar results were observed.
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Subsequently, only the 16 h MDA product allowed successful WGS and assemblies for
E(s)/Bour chromosome (1,042,489 bp) and plasmid (7,502 bp). 892,689 total reads were
generated with a mean read length of 114 bp. The E(s)/Bour chromosome was reliable as it
had > 60-fold coverage based on the C. trachomatis E/Bour genome (Table 3 and Figure 5).
The E(s)/Bour chromosome had 41.31% GC content, and was most closely related to E/Bour.
The pE(s)/Bour was identical to the pE/Bour.
Table 3: Chromosome assembly results of E(s)/Bour based on E/Bour, F/SW4 and
G/SotonG1.
Reference
Reference
Number of Coverage Rate of base
Building
strain
chromosome
reads
difference
consensus
()
size (bp)
mapped (%)
sequence
1,042,589
581,113
63.29
1 per 28 bp
1,042,489 bp; 52
E/Bour
(81.204)
bp unmapped;
142 SNPs
1,042,736
580,325
63.20
1 per 27 bp
1,042,338 bp;
F/SW4
(81.094)
315 bp
unmapped; 1,612
SNPs
1,042,027
578,536
63.05
1 per 25 bp
1,041,487 bp;
G/SotonG1
(80.844)
610 bp
unmapped;
376,251 SNPs

Figure 5: Circular representation of E(s)/Bour chromosome and the encoded proteins in
forward (red arrows) and reverse (blue arrows) directions. Genes were annotated by BLAST
with < 0.001 E-value cutoff. The most inner ring denotes the chromosome position.
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Discussion
The MDA products should have size of 10 kbp, given 2-100 kbp is possible, according to the
manufacturer protocols. In contrast to the slightly greater total DNA yield for the 1.5 h MDA
(Table 1), all 16 h MDAs appeared thick bands at above 10 kb while the 1.5 h MDAs mostly
showed faint smear (Figure 2). This suggested the 1.5 h MDA might result in incomplete
genomic content. Note the 1 Kb Plus DNA Ladder was not well separated in Figure 1,
because too high percent agarose gel than the recommended was used.
To check the 1.5 h versus 16 h MDA amplification error rate, ompA was selected for SNP
analysis as this gene is used to genotype C. trachomatis (Somboonna et al., 2008; Harris et al.
2012). Every MDA replicate could be PCR amplified (Figure 3), confirming that MDA could
amplify entire genome without bias. The minor amplification error rate for the 16 h suggested
no additional amplification error at even 16 h MDA (Table 2: 50% of 1.5 h replicates had ≤
1.69 SNPs/1,000 nt, 66.67% of 16 h had ≤ 1.69 SNPs/1,000 nt). trpA SNP analysis showed
≤1.31 SNPs/1,000 nt (unpublished data). The overall poor WGA error rate supported the
sequence reliability following the MDA.
In construction of fragment library, which requires intact genome for successful size
shearing, only the 16 h MDAs were always properly fragmented (Figures 4B and 4D). No or
minimal peak for the 1.5 h MDA samples (Figures 4A and 4C) suggested that 1.5 h MDA
was not sufficient to prepare competently entire genome for the Covaris and fragmentase
shearing to perform efficiently. In continuation of the WGS preparation processes, only the
16 h MDA remained peak (Figure 4E). The reason might involve the fact that the quality of
the DNA, particularly the completeness and non-segmented of the entire strand of the
genome, which was revealed by the agarose gel electrophoresis, was essential for many steps
in WGS preparation, such as the Covaris and Fragmentase size shearing.
Finally, the data indicated the adjustment of the MDA duration from 1.5 h to 16 h for the
MDA-NGS approach. The results showed 16 h was required for MDA, and 10 ng were
sufficient to obtain whole genome sequence of C. trachomatis (Table 3). The E(s)/Bour and
pE(s)/Bour sequences (Figure 5) were essential to better understand C. trachomatis.
Conclusion
The duration of MDA could impact the complete genome quality and the success in WGS. To
successfully WGS a microorganism using this approach, 16 h MDA is recommended. Ability
to WGS from a small amount of this obligate intracellular chlamydiae is beneficial to better
understanding of the chlamydial evolution and pathogenesis.
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