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Chinese hamster Ovary (CHO) cell lines are the dominant industrial workhorses for therapeutic
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will facilitate its use for cell engineering and genome engineering. We assembled two independent
drafts of Chinese hamster genome by de novo assembly from shotgun sequencing reads and by
re-scaffolding and gap-filling the draft genome from NCBI for improved scaffold lengths and gap
fractions. We then used the two independent assemblies to identify high confidence regions using
two different approaches. First, the two independent assemblies were compared at the sequence
level to identify their consensus regions as “high confidence regions” which accounts for at least
78% of the assembled genome. Further, a genome wide comparison of the Chinese hamster scaf-
folds with mouse chromosomes revealed scaffolds with large blocks of collinearity, which were
also compiled as high-quality scaffolds. Genome scale collinearity was complemented with
expressed sequence tags (EST) based synteny which also revealed conserved gene order compared
to mouse. As cell line sequencing becomes more commonly practiced, the approaches reported
here are useful for assessing the quality of assemblies and potentially facilitate the engineering of
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tein therapeutics produced today [1, 2]. CHO cells are also
among the most important cell lines used in biomedical
research for decades (reviewed in [3]). Their small number
of chromosomes and relative ease of deriving mutant lines
made these cell lines a valuable cytogenetic tool [4]. Given
the importance of CHO cells in biomedical research and
in the biopharmaceutical industry, the genome will serve
as a valuable resource to study the extent of genomic rear-
rangements and consequent transcriptome patterns,
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which will further help to understand the underlying
genomic foundation that allowed CHO cells to gain such
prominence.

A draft assembly of the CHO-K1 genome was available
in 2011 [5]. In view of the inherent nature of aneuploidy
and continuing chromosomal rearrangement in CHO cells
(reviewed in [6]) the Chinese hamster genome was
sequenced later [7, 8]. These draft genome sequences can
be used as reference genomes for sequencing efforts on
CHO cell lines or other cells derived from Chinese ham-
ster. Most of such cell line sequencing efforts will employ
shot-gun sequencing using NextGen technologies. Some
sequencing efforts may cover only a relatively shallow
depth and align the sequencing reads to the reference
genome for the purpose of discerning local variability
among a number of cell lines. Others may cover a greater
sequencing depth and conduct de novo assembly of the
genome. The output of a de novo assembly is a set of
contiguous sequence fragments referred to as “contigs”.
Contigs are then ordered and oriented into “scaffolds”.
These scaffolds have gaps between contigs, representing
the regions where the sequence is uncertain but its
length can be estimated. Despite the continuing progress
on sequencing and assembly, detecting assembly errors,
filling in gaps within the assembly and evaluating the
contiguity of a large genome like Chinese hamster, still
remains a challenge and the quality of an assembly is
often difficult to assess [9, 10].

Herein, we report a strategy of identifying high confi-
dence regions in a genome assembly of Chinese hamster.
We first de-novo assembled the sequencing reads to yield
a draft genome. Another independent draft assembly was
generated by re-scaffolding and gap-filling the reference
genome assembly AMDS00000000.1 [8] using the same
set of sequencing reads to generate another draft genome.
The two drafts were then compared to each other to gen-
erate the consensus regions. These consensus regions,
having been derived from two independent assemblies,
are considered as ‘high confidence’ regions. Comparisons
of the gap-filled genome to the mouse genome yielded
regions of strong orthology at both sequence and gene
order levels. These syntenic regions also account for high
confildence regions due to consensus in the large-scale
order of these genomic segments across organisms.
These two methods are complementary as the former
focuses on consensus in smaller scales (sequence level),
whereas the later confirms large-scale order (genome/
gene level). Both methods enable the confirmation of the
high confidence regions of the assembled genome. The
identification of such ‘high confidence’ sequences are
especially useful while using large genomes assembled
from high throughput sequencing data, since they are
prone to sequencing and assembly errors.
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2 Materials and methods

2.1 DNA library preparation and genome
sequencing of Chinese hamster

DNA was extracted from the liver of a single, highly
inbred, female Chinese hamster of the 17A/GY strain
(Cytogen Hamsters, West Roxbury, MA). DNA was iso-
lated using the DNeasy Blood and Tissue Kit (Qiagen,
Valencia, CA) using standard manufacturer recommend-
ed protocols.

The extracted DNA was fragmented by nebulization
and ligated with Illumina sequencing adaptors to facili-
tate sequencing (Illumina, CA). For the short insert librar-
ies, the DNA was size-selected using agarose gel electro-
phoresis. Fragments with insert sizes of 300, 400 and
500 bp were selected and gel-purified. The size distribu-
tion of the DNA fragments was verified in a 2100 Bioana-
lyzer using a DNA 7500 chip (Agilent, Santa Clara, CA).

For the long insert libraries, the DNA was fragmented,
end labelled with biotin, and then size selected for 3 kbp.
The DNA fragments were circularized by ligation of either
ends of the linear fragment. The DNA was then frag-
mented and then the portion of the DNA near the site of
ligation was selected using streptavidin bound magnetic
beads. Illumina sequencing adaptors were ligated to
these DNA fragments and then size selected prior to
sequencing on an [llumina GAIlx flow cell. DNA-PET was
used to generate 10 kbp and 20 kbp long insert mate-pair
libraries for use in scaffolding [11]. Summary of the read
library repertoire is tabulated in Supporting information,
Table S1. Illumina v3 chemistry was used and the base
calling was done by the GA 1.4.2 pipeline using recom-
mended standard parameters.

2.2 Data pre-processing and assembly

Prior to assembly, the raw sequencing reads were pre-
processed to remove low quality sequences, homopoly-
mers or short tandem repeats, resulting in the loss of 10%
of the raw data. The remaining 247 Gbp of sequence were
used for assembly. AbySS assembler [14] was used for
assembling the Chinese hamster genome. A k-mer sweep
was performed between 40 bp and 95 bp with increments
of b bp (Supporting information, Fig. S1). The best indi-
vidual assembly was found for a k-mer value of 75 bp. The
resulting assembly contained 2.24 Gbp of sequence in
~495 019 contigs, with an N50 length of 7.363 kbp.
Paired-end sequence data with varying long insert
sizes of approximately 3, 10, and 20 kbp were used step-
wise from the shortest (3 kbp) to the longest (20 kbp) insert
size to link contigs from the assemblies generated using
AbySS. Sspace scaffolder [12] was used to generate the
final scaffolds which are a series of ordered contigs sepa-
rated by stretches of N's, where the length of the stretch
is an estimate of the distance separating the contigs on

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Draft genome statistics at different stages of genome assembly enhancement shown in figure 1

Parameter UMNT1.0 Enhancement of the AMDS00000000.1 Chinese hamster genome
AMDS00000000.1 U] (m UMNZ2.0
Contigs 495019 176 068 46025 46025 34077
Max. contig (bp) 94031 219443 804483 804483 1172502
Mean contig (bp) 4535 12980 50189 50189 67925
Contig N50 (bp) 7363 27317 127 489 127 489 185327
Contig N90 (bp) 2153 7453 34453 34453 50199
Total contig length (Gbp) 2.244745772 2.285446913 2.309963092 2.309963092 2.314664150
Assembly GC (%) 41.54 41.39 41.42 41.42 41.43
Scaffolds 31821 10868 10867 7876 7865
Max scaffold (bp) 13559257 8324132 8320503 60518 007 60517459
Mean scaffold (bp) 79139 215691 215652 298330 298735
Scaffold N50 (bp) 2202990 1579055 1578388 17211978 17210817
Scaffold N90 (bp) 315650 415923 415119 3499887 3499883
Total scaffold length (Gbp) 2.518295354 2.344125543 2.343495360 2.349643860 2.349546887
Captured gaps 463198 165200 35158 38149 26212
Max. gap (bp) 29555 20486 20068 98 050 97673
Mean gap (bp) 591 355 954 1040 1331
Gap N50 (bp) 2054 2422 4031 4698 5047
Total gap length (bp) 273549582 58678 630 33532268 39680768 34882737

the genome. AbySS assembled scaffold set (UMN1.0)
produced 31 821 scaffolds with a N50 of 2.2 Mbp (Table 1).

2.3 Enhancing genome assembly
by gap-closing and rescaffolding

Short insert reads and long insert reads were used to close
the gaps in AMDS00000000.1. The gap fraction was
reduced from 2.5 to 1.4% (Stage I) (Table 1) using Gap-
Closer [13]. This gap-closed draft genome sequence was
then re-scaffolded using long insert reads using the
AbySS-scaffolder [14] (Stage II). AbySS standalone scaf-
folder was used and the default mapping algorithm was
replaced with AbySS-BWA to improve scaffolding. The
scaffolding step increased the number of gaps in the
assembly. Hence, another round of gap closing was done
using another set of independent short insert reads, to
yield UMNZ2.0.

2.4 lIdentification of syntenic regions
in comparison with mouse genome

NUCmer was used identify the regions of homology
between the Chinese hamster genome and mouse
(GRCm38/mm10) with the following parameters: mini-
mum cluster length of 30, minimum length of a maximal
exact match of 10 and maximum gap between two adja-
cent matches in a cluster of 1000. The output from NUC-
mer was converted to SyntenyMiner format as outlined on
SyntenyMiner's user guide, and further processed by
SyntenyMiner (http://syntenyminer.sourceforge.net/) to
visualize and compare the alignments between the
UMN2.0 scaffolds and mouse chromosomes. Default

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

parameters were used for visualization where the longest
common subsequence between two sequences (UMN2.0
scaffold and mouse chromosome) is displayed. Each
colored line represents an alignment between the two
sequences.

3 Results

3.1 De novo assembly of draft Chinese hamster
genome UMN1.0

A total of 273 Gbp of paired-end sequencing reads
(sequenced from both ends of each fragment) from librar-
ies of short insert sizes (the distance between the two
reads as determined from the size distribution) of 300, 400
and 500 bp as well as long insert sizes of approximately 3,
10, and 20 kbp were used in the assembly (listed in Sup-
porting information, Table S1). Based on the genome size
of 2.66 Gbp as estimated from the haploid DNA content
[15], the coverage was about 100-fold. AbySS, a parallel
short read assembler was used to obtain the de novo
assembled contigs using the short insert read (SIR)
sequence data. The long insert reads (LIR) were then used
to scaffold the assembled contigs using the Sspace scaf-
folder [12]. The assembly pipeline is provided in Fig. 1A.
The resulting UMN1.0 draft genome comprised of
2.52 Gbp of DNA sequence assembled into 31 821 scaf-
folds after applying a minimum cut-off of 1 kbp on the
scaffold length. The scaffold N50 of the resulting draft
assembly was 2.2 Mbp. The assembled scaffolds cover
approximately 95% of the estimated genome size of
2.66 Gbp. Without any other anchoring information such
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as genetic maps, BAC maps or radiation hybrid maps, the
number of scaffolds in the Chinese hamster genome at
32 590 is higher than those in the initial drafts of the
mouse and rat genomes [16, 17].

3.2 Improved contiguity in draft Chinese hamster
genome by re-scaffolding and gap-filling
(UMN2.0)

The same set of short insert reads and long insert reads
used in assembly of UMN1.0 were used to fill in the gaps
and re-scaffold the AMDS00000000.1 Chinese hamster
genome to generate another assembly called UMN2.0 [8]
(Fig. 1B). This draft assembly comprised of 7865 scaf-
folds after applying a minimum cut-off of 1 kbp on the
scaffold length. The scaffold N50 of the resulting draft
assembly was 17.2 Mbp and the assembled scaffolds
cover approximately 87% of the estimated genome size
of 2.66 Gbp. In terms of contiguity and total gap length,
UMNZ2.0, is a significant improvement over UMN1.0 and
AMDS00000000.1 (Table 1).

3.3 Quality assessment of the Chinese hamster
draft genome

3.3.1 High confidence sequence identification

from consensus between draft assemblies

In the de novo assembly of a large genome like that of
Chinese hamster's, assembly errors are unavoidable. We
compared the two independently assembled drafts UMN1.0
and UMNZ2.0 and identified the regions of consensus
between the two drafts (with a stringent criterion of con-
tiguous segments larger than 1 kbp with sequence identity
greater than 97% matching to unique reference and query
sequence). These regions are likely to be of ‘high confi-
dence’ and of higher quality. It must also be noted that the
‘high confidence region’ call is dependent on the strin-
gency of the criterion used for identifying consensus
regions and that the regions that do not fall into the ‘high

confidence regions' are not necessarily of low quality.
Using the stringent criteria that we set forth, the consensus
regions of one-to-one unique mapping cover about
1.83 Gbp accounting for 77.8% of the UMN2.0 genome
(data for 20 largest scaffolds is presented in the Supporting
information; the complete data set available at http://dx.
doi.org/10.13020/D6Z304). Relaxing the criterion to also
include non-unique hits with the same sequence identity
criterion, greater than 97%, the consensus regions covered
2.14 Gbp accounting for 91.1% of the UMNZ2.0 genome.

A similar comparison was done between largest
20 scaffolds of the AMDS00000000.1 draft assembly with
UMN1.0 to mark consensus regions on the former draft
assembly using the aforementioned criteria. 82% of the
total scaffold length consists of consensus regions
with the UMN1.0 assembly (Supporting information,
Table S2). The bed file of the consensus region is includ-
ed in the Supporting information. RefSeq transcripts
(GCF_000419365.1) were mapped to AMDS00000000.1
and the percentage of transcript length covered in the
‘high confidence regions’ were computed. Out of 29 764
transcripts with length greater than 500 bp, 25412 tran-
scripts had at least 70% of their length covered in the high
consensus regions (Supporting information, Fig. S2A).
This analysis gives an indication that most gene contain-
ing regions are assembled with good accuracy.

3.3.2 Quality assessment using sequence homology
with mouse

Another assurance of the quality of the assembled genome
is the high degree of conservation with the closely related
mouse genome. UMN2.0 and mouse (GRCm38/mm10)
were compared by whole genome alignments using
NUCmer [18]. Given the evolutionary distance between
mouse and Chinese hamster, a relatively relaxed seeding
parameter set was used instead of the NUCmer default
parameter set. Alignment results showed 82% gross
genome sequence identity between Chinese hamster and
mouse.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Conservation of collinearity/synteny between hamster and mouse genomes as a method for quality assessment. (A) Collinearity based on com-

plete genome alignment with mouse genome. The figure on the left shows the largest scaffold in UMN2.0, CH Scaffold 1 shows a large syntenic block
mapping to mouse chromosome 2 (I); and on the right, the third largest scaffold CH Scaffold 3 shows five syntenic blocks mapping to mouse chromo-

somes 4, 11,12, 16 and 17 (11). (B) Synteny based on gene position (EST alignment) with mouse genome. Similar to (A), on the left, the largest scaffold in

UMN2.0, CH Scaffold 1 shows a large syntenic block mapping to mouse chromosome 2, consistent with the genome scale synteny (1). The figure on the
right shows the third largest scaffold CH Scaffold 3 with five syntenic blocks mapping to mouse chromosomes 4, 11,12, 16 and 17 (l1).

In order to verify the quality of the assembly, the
twenty largest scaffolds in UMNZ2.0 covering 32% of the
entire genome length were examined for large-scale
order in orthologous regions with mouse using the
NUCmer output. Orthologous regions showing preser-
vation of order across the two genomes are highly likely
to have been assembled correctly. However, not all cor-
rectly assembled regions may have preserved order in
orthologous regions due to genomic rearrangements
during evolution. Fig. 2A shows the collinear blocks in
the first and third largest scaffold to mouse chromo-
some. Similar plots for the other 18 scaffolds are shown
in Supporting information, Fig. S3. Large collinear
blocks mapping to mouse chromosomes were seen in all
twenty scaffolds. The orientation of two adjacent col-
linear blocks may be reversed in some cases. Preserva-
tion of collinearity of orthologous regions within the
genome assemblies of Chinese hamster and mouse
gives an additional degree of confidence in the quality

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of UMNZ2.0, thus providing yet another method for the
affirmation of genome quality.

3.3.3  Quality assessment using gene order
between UMN2.0 and mouse

Synteny, the order in which genetic loci are organized
within the genomes of two species, is a measure of their
closeness in having a common ancestry. Given that the
mouse genome is the best annotated closest genome avail-
able to Chinese hamster, the conservation of syntenic
blocks can be used to assess the quality of the assembled
Chinese hamster genome. A region in UMNZ2.0 that is
highly consistent in the order of its genetic loci in mouse is
also highly likely to have been assembled correctly. In order
to perform such a comparison, the Chinese hamster
genome (UMN2.0) was annotated using the annotated
expressed sequence tags (EST) contigs as described below.

A repertoire of annotated EST contigs described pre-
viously in [19], were mapped to UMNZ2.0 using the spliced
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alignment software BLAT [17]. Almost 90% of the contigs
(315432) were aligned to the draft genome. Out of a total
of 39179 mouse genes in the Ensembl database, 24 652
were covered. On mapping the EST contigs greater than
500 bp, 89690 out of 110600 EST contigs had at least 70%
of their length covered within the high consensus regions
(Supporting information, Fig. S2B).

To verify the quality of the scaffolds, the loci of CHO
EST contigs annotated with mouse orthologs were used
to compare the gene order on the UMN2.0 Chinese ham-
ster scaffold to that on the mouse genome (GRCm38/
mm10). In the case that an EST has multiple hits (align-
ments) to the scaffolds, the hit with the highest confi-
dence (based on the strength of the hit) was selected.
Those with lower than 500 bp in the alignment length
were discarded. A total of 18 055 mouse orthologs were
aligned to 920 scaffolds and the scaffolds that had more
than 40 genes were assessed for the conservation of gene
order. The position of the gene on the mouse chromosome
was plotted against the position in the Chinese hamster
scaffolds. Two examples are shown in Fig. 2B where good
synteny in terms of large syntenic blocks, can be observed
between Chinese hamster and mouse.

In a highly syntenous region, adjacent genes in the
Chinese hamster scaffold can also be seen as adjacent
genes in the mouse genome. The close synteny is sugges-
tive of high quality scaffolding (Fig. 2B, I). In some regions,
genes on a Chinese hamster scaffold map to multiple
mouse genome loci, sometimes on different mouse chro-
mosomes (Fig. 2B, II). This is not necessarily an indication
of incorrect scaffolding, as there could be many genomic
rearrangements or duplication events between Chinese
hamster and mouse, considering the evolutionary dis-
tance between them. Out of the 147 scaffolds examined,
a total of 122 scaffolds showed good synteny conserva-
tion, similar to the graph on the left of Fig. 2B. The syn-
teny with mouse adds an additional affirmation of high
confidence level of the genome assembly.

4 Discussion

The advances in DNA sequencing technology and the
availability of the Chinese hamster genomic sequence are
posed to usher cell bioprocessing into a post-genomic era
[20, 21]. We describe a strategy for the integration of shot-
gun sequencing data from Chinese hamster into an exist-
ing draft genome to enhance scaffold contiguity by suc-
cessive scaffolding and gap-filling. Since errors are una-
voidable in assemblies derived from shotgun sequencing,
the consensus regions of two independent assemblies are
identified as high confidence regions. Highly syntenous
regions with mouse genome provide additional confi-
dence on the quality of the assembly.

Increasingly genome sequencing is performed on
industrial CHO cell lines. The pipeline presented in this

Biotechnol. J. 2016, 11
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study will facilitate attaining an enhanced genome draft
and identifying regions of high confidence. For example,
regions of consensus were obtained using stringent crite-
ria to compare the CHO-K1 (AFTD00000000.1) [5] and
Chinese hamster genome (AMDS00000000.1) [8], 1.72 Gbp
(71.9%) of CHO-K1 genome can be identified as consen-
sus regions (data for the 20 largest scaffold in Supporting
information. Complete data set is available at http://dx.
doi.org/10.13020/D67304). When the regions of non-
unique hits are included, the regions of consensus
increased to 2.16 Gbp (90.1%). The approach reported
here will enhance the utility of the genome sequence of
cell lines and potentially facilitate cell and genome engi-
neering in CHO cell lines.

The computational resources were provided by the Min-
nesota Supercomputing Institute. This work was sup-
ported by the Consortium for CHO Systems Biotechnolo-
gyv. Huong Le was a recipient of Vietnam Educational
Foundation Fellowship.
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