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Abstract

The Chinese hamster genome serves as a reference genome for the study of

Chinese hamster ovary (CHO) cells, the preferred host system for biopharma-

ceutical production. Recent re‐sequencing of the Chinese hamster genome re-

sulted in the RefSeq PICR meta‐assembly, a set of highly accurate scaffolds that

filled over 95% of the gaps in previous assembly versions. However, these scaffolds

did not reach chromosome‐scale due to the absence of long‐range scaffolding

information during the meta‐assembly process. Here, long‐range scaffolding of the

PICR Chinese hamster genome assembly was performed using high‐throughput
chromosome conformation capture (Hi‐C). This process resulted in a new “PICRH”

genome, where 97% of the genome is contained in 11 mega‐scaffolds corre-

sponding to the Chinese hamster chromosomes (2n = 22) and the total number of

scaffolds is reduced by three‐fold from 1,830 scaffolds in PICR to 647 in PICRH.

Continuity was improved while preserving accuracy, leading to quality scores

higher than recent builds of mouse chromosomes and comparable to human

chromosomes. The PICRH genome assembly will be an indispensable tool for de-

signing advanced genetic engineering strategies in CHO cells and enabling sys-

tematic examination of genomic and epigenomic instability through comparative

analysis of CHO cell lines on a common set of chromosomal coordinates.
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1 | INTRODUCTION

Chinese hamster ovary (CHO) cells are the host system of choice for

industrial‐scale production of biopharmaceuticals. CHO cells have

several advantageous characteristics, including robust growth in

suspension culture and the ability to generate proteins with human‐
like glycosylation patterns, that have led to their long history of use

as a workhorse organism to produce many recombinant proteins, and

monoclonal antibodies (mAbs) in particular (Walsh, 2018). However,

these cells also exhibit genomic plasticity at multiple scales in the

form of mutations, insertions and deletions, copy number variants,

and chromosomal rearrangements (Kaas, Kristensen, Betenbaugh, &

Andersen, 2015; Yusufi et al., 2017). These genetic variants, along

with epigenetic instability, have frequently been identified as the

underlying causes of production instability, defined as a decrease in

cell‐specific productivity of the heterologous protein of interest over

several generations of cell growth, and clonal variability (Kim,

O'Callaghan, Droms, & James, 2011; Li et al., 2016; Veith, Ziehr,

MacLeod, & Reamon‐Buettner, 2016). These issues have significant

economic ramifications as lengthy screening procedures are required

during the cell line development process to first isolate high produ-

cing cell populations and then verify their stability over time scales
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required for scale‐up to a production bioreactor. As manufacturing

process technologies evolve to include longer‐term cultures that

require cells to maintain stable production for longer periods of time,

there is a need for new tools and resources to enable systematic

studies of genetic instability at all scales to alleviate bottlenecks in

the cell line development process.

A common set of coordinates in a chromosome‐level reference
genome assembly could serve as a framework for systematic com-

parative analysis of both local genetic variants and larger structural

genomic variants and their impact on production instability. His-

torically, genetic studies in CHO have been enabled by several gen-

ome assembly versions generated from either CHO cell lines or

Chinese hamster tissue (Brinkrolf et al., 2013; Lewis et al., 2013;

Rupp et al., 2018; Xu et al., 2011). Recently, community‐driven ef-

forts have focused on improving the Chinese hamster genome to be

used as a stable reference rather than that of a CHO cell line because

the inherent instability of the CHO genome would complicate the

validation of a reference sequence from this material. These efforts

have most recently resulted in the PICR meta‐assembly, a set of high‐
quality scaffolds containing consensus sequence from four in-

dependent assemblies using both short‐ and long‐read technologies

(Rupp et al., 2018). The PICR assembly was a substantial increase in

continuity and accuracy over previous genome assembly versions.

However, long‐range scaffolding technologies were not used during

the meta‐assembly process, which limited assembly continuity to an

average of 44 unlocalized scaffolds per chromosome. These scaffolds

were assigned to their respective chromosomes using a chromosome‐
sorted assembly but their order and orientation along the chromo-

somal axes remained unknown, a potential limitation to their use in

the study of large‐scale structural variants in CHO that could span

the length of multiple PICR scaffolds.

Novel long‐range scaffolding technologies like high‐throughput
chromosome conformation capture (Hi‐C) have enabled the con-

struction of mammalian genome assemblies with scaffold lengths

reaching chromosome‐scale (Bickhart et al., 2017; Low et al., 2019).

Hi‐C assays characterize the genome‐wide, three‐dimensional or-

ganization of chromatin in the nucleus (Lieberman‐Aiden
et al., 2009). The spatial organization of chromatin is assayed by

crosslinking chromatin in its in vivo state, digesting DNA trapped in

the crosslinked chromatin, and performing proximity‐mediated li-

gation to form hybrid fragments containing two physically proximal

regions of the genome. Paired‐end reads obtained from the hybrid

fragments represent physical interactions between pairs of genomic

regions and are used to characterize genome‐wide chromatin

packaging patterns. Commonly observed patterns include that in-

trachromosomal interactions occur at a much higher frequency than

interchromosomal interactions and the spatial interaction fre-

quency between two regions tends to decrease as the linear

genomic distance between them increases (Lajoie, Dekker, &

Kaplan, 2015). Recently developed programs use these patterns to

perform long‐range scaffolding of genome assemblies with accuracy

comparable to conventional methods such as optical mapping

(Dudchenko et al., 2017; Ghurye et al., 2019).

A new Chinese hamster assembly called PICRH has been con-

structed from the PICR assembly using Hi‐C scaffolding, resulting in a

single chromosome‐scale scaffold per chromosome and a three‐fold
reduction in total scaffold number. Additionally, new chromosome

assignments for previously unplaced PICR scaffolds led to the in-

corporation of more than 97% of the total length of the assembly in

the chromosome‐scale scaffolds. Ten of these scaffolds (all except

chromosome 9) had quality scores comparable to chromosomes in

the most recent version of the human genome. The PICRH assembly

is the most continuous publicly available Chinese hamster assembly

and to our knowledge is the only Chinese hamster assembly that has

achieved chromosome‐scale resolution.

2 | MATERIALS AND METHODS

2.1 | Hi‐C library preparation and sequencing

A Hi‐C library was generated by Phase Genomics from 200mg of

liver tissue generously provided by the Lewis Lab at the University of

California San Diego. The library was then sequenced on two lanes

on an Illumina HiSeq at the University of Delaware Sequencing and

Genotyping Center to obtain 490 million 2 ×75 bp Hi‐C read pairs.

2.2 | Read preprocessing

Adapter trimming and quality filtering with a Phred score cutoff of

25 and a minimum length of 50 bp were performed with Trim Galore

(Martin, 2011). The Chinese hamster RefSeq PICR assembly was

downloaded from NCBI (accession: GCF_003668045.1). Trimmed

reads were aligned to the PICR assembly using bwa aln and bwa

sampe (Li & Durbin, 2010) with default parameters. Reads that

mapped more than once and read pairs containing unmapped reads

were discarded using SAMTools (Li et al., 2009). Duplicate read pairs

were then removed using Picard Tools (Picard, 2019) and the re-

sulting alignment file containing only non‐duplicate read pairs was

converted to bed format with BEDTools (Quinlan & Hall, 2010).

2.3 | Initial scaffolding

The bed file containing read pair alignment information was used as

input for the Hi‐C assembly scaffolding program Simple Assembly

Scaffolder (SALSA; Ghurye et al., 2019). SALSA performed scaffolding

of the Chinese hamster PICR assembly through mis‐assembly de-

tection followed by a scaffold graph construction approach. In short,

breakpoints in the PICR scaffolds were introduced at mis‐assembly

points detected based on Hi‐C read pair physical coverage. After mis‐
assembly detection, preprocessed scaffolds were chained together in

an iterative process based on a linkage score derived from the

number of Hi‐C read pairs connecting pairs of scaffolds at their be-

ginning and end points.
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2.4 | Manual scaffolding

Trimmed Hi‐C read pairs were aligned to the superscaffolds gener-

ated by SALSA and filtered with the Juicer pipeline (Durand

et al., 2016). The genome‐wide contact frequency information in the

hic file output by Juicer was visualized with Juicebox Assembly Tools

(Dudchenko et al., 2018). Chromosome‐scale scaffolds were con-

structed manually in Juicebox following established guidelines

(Genome Assembly Cookbook, 2019). Superscaffolds were first

grouped together by chromosome based on unlocalized chromosome

assignment data in the PICR assembly. Superscaffolds containing

unplaced scaffolds were assigned to a chromosome if they contained

at least one PICR scaffold with an unlocalized chromosome assign-

ment. The ordering and orientation of superscaffolds assigned to the

same chromosome were then manually adjusted to reduce or elim-

inate hallmarks of assembly errors such as misjoins, translocations,

and inversions that are visually apparent in a Hi‐C contact matrix.

Potential misjoins, translocations, and inversions within the bound-

aries of each superscaffold were also identified and corrected by

manually introducing breakpoints at the mis‐assembly sites. A FASTA

file containing the new assembly with chromosome‐scale scaffolds

and leftover unplaced scaffolds was generated from the Juicebox

assembly with 3D‐DNA utilities (Dudchenko et al., 2017).

2.5 | Validation and quality assessment

The draft PICRH assembly was subjected to two rounds of gap

closing in GMcloser (Kosugi, Hirakawa, & Tabata, 2015), first with

contigs from the Pacific Biosciences SMRT draft assembly used in the

PICR meta‐assembly and then with error‐corrected SMRT reads used

to build the draft assembly. Three gap closing iterations were used

for the Pacific Biosciences contigs and one iteration was used for the

error‐corrected SMRT reads. Twenty gigabytes of Illumina reads

(SRR954916, SRR954917, SRR954918) from a previous Chinese

hamster genome assembly project (PRJNA167053) were aligned to

the PICR and PICRH assemblies and reference‐free genome assem-

bly quality metrics were calculated using REAPR (Hunt et al., 2013)

and EvalDNA with a mammalian model (MacDonald, 2019a, 2019b).

Reference‐based EvalDNA scores for human (GRCh38.p12), mouse

(GRCm38.p1), and rat (Rnor_6.0) genome assemblies were obtained

from training data used to build the EvalDNA mammalian model.

2.6 | Whole‐genome comparison with mouse

The PICR and PICRH genome assemblies were aligned with NUCmer

(Kurtz et al., 2004) to the mouse reference genome (GRCm38.p6)

downloaded from NCBI (accession: GCF_000001635.26). The align-

ments were visualized as dot plots using DotPrep with repetitive

alignments hidden and a minimum alignment length of 1,000 bp

(Nattestad, 2019). The order of PICRH chromosomes along the

corresponding mouse chromosomes was visually determined and

compared with the published Chinese hamster EST mapping to

mouse chromosomes (Wlaschin & Hu, 2007).

2.7 | Chromosome compartmentalization analysis

Trimmed Hi‐C reads were aligned to the finalized PICRH genome and

filtered for Hi‐C‐specific artifacts using the HiC‐Pro pipeline (Servant

et al., 2015). Loess normalization was applied to the raw Hi‐C matrix

at 1Mb resolution generated by HiC‐Pro and principal component

analysis (PCA) was performed on each of the 11 chromosomes with

the HiTC package in R to calculate compartment scores (Servant

et al., 2012). HiCPlotter was used to visualize iterative correction and

eigenvector decomposition (ICE) normalized Hi‐C matrices generated

at 1Mb resolution by HiC‐Pro with the associated compartment

scores along the chromosomal axis (Akdemir & Chin, 2015).

2.8 | Annotation liftover

The PICRH genome assembly was annotated by performing a co-

ordinate conversion of the RefSeq PICR annotation downloaded from

NCBI (NCBI Cricetulus griseus Annotation Release 103). Briefly, a

UCSC chain file was generated by splitting the new assembly into

segments of 5 kb and aligning the segments to the RefSeq PICR as-

sembly with Blat (Kent, 2002). Segmented alignments were then

chained together to make a chain file with all 5 kb alignments

(Minimal Steps For LiftOver, 2019). The chain file and the RefSeq

PICR annotation were then used as inputs for the Liftover tool

(Hinrichs, 2006) to convert features in PICR to their new assembly

coordinates.

3 | RESULTS AND DISCUSSION

3.1 | Accurate Hi‐C scaffolding significantly
reduced the total number of scaffolds

A two‐fold net reduction in scaffold quantity from the initial 1,830

PICR scaffolds to 907 superscaffolds was achieved after four itera-

tions of SALSA, a novel Hi‐C scaffolding program with lower error

rates than other similar programs (Ghurye et al., 2019; Ghurye, Pop,

Koren, Bickhart, & Chin, 2017). Three hundred fifty‐three of these

superscaffolds contained at least two connected PICR scaffolds. The

two‐fold net reduction in scaffold quantity was achieved by con-

necting both unlocalized and unplaced PICR scaffolds. Two hundred

forty‐seven superscaffolds were given an unlocalized chromosome

assignment based on the chromosome assignment data already

present in the PICR assembly, which originally contained 483 un-

localized scaffolds. Additionally, the number of unplaced scaffolds

was reduced from 1,346 to 660 either by construction of super-

scaffolds containing only unplaced PICR scaffolds or by their as-

signment to chromosomes based on their occupancy in
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superscaffolds containing a mixture of unlocalized and unplaced

scaffolds.

PICR scaffold chromosome assignments that were obtained in a

previous Chinese hamster genome assembly project by sequencing

flow‐sorted chromosomes (Brinkrolf et al., 2013) were used to vali-

date the Hi‐C scaffolding method. A comparison of the superscaffolds

with PICR chromosome assignments showed 351 (99.4%) of the 353

superscaffolds with novel connections were constructed using PICR

scaffolds that were previously assigned to the same chromosome or

were unplaced. Two connections were made between scaffolds pre-

viously assigned to separate chromosomes. In one case, a 3.5Mb

section of picr_130 (chromosome 6) was connected to the end of a

superscaffold containing four other PICR scaffolds on chromosome 7.

Additionally, picr_209 (chromosome X) was connected to the end of a

superscaffold containing three PICR scaffolds from chromosome 9.

The high rate of agreement between Hi‐C superscaffolds and chro-

mosome assignment data indicated the Hi‐C library was of sufficient

quality for this application and led to the assignment of 142 pre-

viously unplaced PICR scaffolds to chromosomes. Additional itera-

tions in SALSA further decreased the number of scaffolds but not

without a decrease in chromosome assignment accuracy. The lim-

itations of this method could be due to noise in the Hi‐C library,

which may have led to an increase in the number of joins classified as

“suspicious” in each iteration. A conservative approach was taken in

deciding the iteration cutoff to reduce the number of misjoins that

had to be manually corrected while also using information from ad-

ditional runs as a guide during subsequent manual scaffolding.

3.2 | Manual scaffolding methods led to
construction of a chromosome‐scale assembly

Conserved chromatin structure resulted in the expected visible

patterns within the Hi‐C matrix that were used to guide manual

scaffolding. Scaffolds assigned to the same chromosome interact at a

much greater frequency than scaffolds on different chromosomes,

meaning the off‐diagonal interchromosomal space in the Hi‐C matrix

should only contain noise. Additionally, scaffolds on the same chro-

mosome that are close together in the linear genome interact at a

much higher frequency than scaffolds that are on the same chro-

mosome but far apart in the linear genome. This behavior results in

an enriched contact frequency close to the diagonal of the Hi‐C
matrix when scaffolds on the same chromosome are properly or-

dered and oriented.

Manual scaffolding operations were performed using Juicer and

Juicebox Assembly Tools, well‐established genome scaffolding meth-

ods that have been used to generate chromosome‐level draft genome

assemblies for over 75 different organisms (Assemblies, 2019). Eleven

chromosome‐scale scaffolds were constructed for the Chinese

hamster (2n = 22) by manually grouping together 247 unlocalized su-

perscaffolds by chromosome assignment and then ordering and or-

ienting them along their chromosomal axes (Figure 1). Additionally,

previously unplaced scaffolds were placed between scaffolds with

chromosome assignments after initial ordering and orientation if their

contact frequency with adjacent large scaffolds was visibly elevated

above the background noise level. This process resulted in a new

F IGURE 1 Whole‐genome high‐throughput chromosome conformation capture (Hi‐C) contact frequency matrices for Chinese hamster
genome assemblies before and after manual scaffolding. (a) 907 superscaffolds from initial scaffolding with SALSA ordered by size. Regions of

elevated contact frequency off the matrix diagonal indicated how the scaffolds should be rearranged. (b) The final PICRH assembly ordered by
chromosome. Scaffold boundaries highlighted in blue correspond to full‐length chromosomes except for chromosome 1, which was split into two
halves for compatibility with common programs [Color figure can be viewed at wileyonlinelibrary.com]
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assembly, referred to as PICRH, in which over 97% of the total as-

sembly length was contained in the 11 chromosome‐level scaffolds.

3.3 | PICR gap content was maintained after gap
closure with long‐read sequence data

Gaps with an arbitrary length of 500 base pairs were introduced into

the assembly during chromosome construction where two PICR

scaffolds or intermediate superscaffolds were connected. GMcloser

was used to apply Pacific Biosciences SMRT sequence data from the

PICR assembly to fill these gaps. Initial gap closure with the PacBio

draft assembly closed 1,082 gaps after three iterations in GMcloser.

A second round of gap closing with chromosome‐sorted, error‐
corrected long reads closed an additional 104 gaps. After gap closure,

the final PICRH assembly had 3,784 gaps with a total length of

2.43Mb, maintaining a similar ambiguous base content to PICR,

which originally had 3,179 gaps with a total length of 2.85Mb. This

polishing step provided some preliminary validation of the new

scaffold connections. However, the filled gaps were a mixture of gaps

located within the PICR scaffold boundaries and new gaps introduced

during scaffolding. A search for 500 bp gaps in the final assembly

revealed 1,099 gaps that were introduced during scaffolding re-

mained after gap closure. Four hundred eighty‐eight of these gaps

were in the chromosome‐scale scaffolds.

3.4 | Short‐read sequence data verified PICR
scaffold accuracy was preserved in PICRH

Short‐read Illumina data was used to verify the accuracy of the

manually assembled scaffolds and to calculate quality scores for

comparison with PICR and other mammalian genomes. Reference‐
free accuracy metrics calculated with REAPR indicated the sequence

quality of the PICR assembly was preserved while genome continuity

was significantly improved in the PICRH assembly (Table 1). The

fragment coverage distribution (FCD) over gaps statistics for each

chromosome were a primary indicator that the majority of PICRH

scaffolds contained PICR scaffolds that were correctly ordered and

oriented. Although the low error rate from PICR was largely pre-

served in PICRH, there were slight increases in these mis‐assembly

statistics. Chromosome regions containing mostly small (<5Mb)

scaffolds may have more mis‐ordering or misorientation errors than

other regions due to the level of noise in the Hi‐C library that was

used. These regions may also contain repetitive sequences that could

have led to the smaller scaffolds obtained after the meta‐assembly

process. Scaffold placements in these regions could potentially be

verified with orthogonal methods like optical mapping or Chicago

scaffolding (Bickhart et al., 2017; Low et al., 2019). However, overall

improvements in reference‐free quality scores indicated that Hi‐C
alone was sufficient for accurate long‐range scaffolding of the al-

ready highly continuous PICR scaffolds into chromosome‐scale
scaffolds.

3.5 | Chinese hamster chromosomes approached
human chromosome quality

Whole‐genome and individual chromosome quality scores were cal-

culated using EvalDNA, a reference‐free genome assembly quality

assessment program that calculates quality scores that are compar-

able across different species (MacDonald, 2019a, 2019b). Chromo-

some quality scores were significantly higher in PICRH relative to

PICR due to the increase in continuity and preservation of accuracy.

Quality scores for ten of the chromosomes in PICRH were higher

than most mouse chromosomes and were comparable with chro-

mosomes in the human genome (Figure 2). Chromosome 1 was ori-

ginally constructed as one large scaffold but was split into two

scaffolds during validation because the length of the original scaffold

(>500Mb) led to errors in some commonly used programs including

one program required by REAPR and EvalDNA. The two scaffolds for

chromosome 1 were kept separated but were reported in the correct

order and orientation in the final assembly. EvalDNA was run a

second time for chromosome 1 but with the normalized N50 metric

forced to equal 100 to account for the artificial splitting. The second

run led to a score of 94.32 for chromosome 1, which was comparable

with chromosomes 2 through 7. Chromosome 9 in PICRH also

showed improvement over PICR but a low percent error‐free bases

intrinsic to the chromosome 9 PICR scaffolds kept the quality score

below 70.

3.6 | PICRH enabled enhanced characterization of
genomic and epigenomic properties

The PICR and PICRH assemblies were aligned to the most recent

mouse reference genome assembly (GRCm38.p6) to demonstrate

TABLE 1 Summary statistics for PICR and PICRH assemblies
calculated with REAPR

Metric PICR PICRH

Assembly length (Gb) 2.37 2.37

Number of scaffolds 1,831 647

Scaffold N50 (bp) 19,581,774 274,391,693

Scaffold N90 (bp) 4,400,567 127,255,434

Scaffold L50 33 4

Scaffold L90 122 9

Error‐free bases 79.22% 85.54%

FCD errors within a contig 33,179 3,805

FCD errors over a gap 2 65

Low‐fragment coverage within a contig 200,720 3,822,589

Low‐fragment coverage over a gap 881 451

Note: Over 97% of the total PICRH assembly length was contained in the

12 largest scaffolds corresponding to the 11 Chinese hamster

chromosomes.

HILLIARD ET AL. | 2335



the newly added utility of the chromosome‐scale scaffolds for the

identification of chromosome‐level rearrangements (Figure 3).

Large structural variants in the form of inversions and chromo-

somal rearrangements were visually apparent in the PICRH‐mouse

alignment while only smaller inversions between the mouse

and Chinese hamster located within PICR scaffolds could be

detected in the PICR‐mouse alignment. The PICRH alignment re-

produced the chromosome region order in the Chinese hamster

expressed sequence tag (EST) mapping to mouse chromosomes by

Wlaschin and Hu (2007), an expected result as the EST map was

used to verify chromosome assignments during construction of the

PICR assembly. Accurate separation of Chinese hamster chromo-

somes 9 and 10 was observed based on their alignment to the

correct sections of the corresponding mouse chromosomes in the

EST map, although chromosome 10 did not have a large region of

synteny in mouse. Whole‐genome alignment of PICRH chromo-

somes also allowed for the detection of inversions larger than a

single PICR scaffold within the large regions of synteny with

F IGURE 2 Reference‐free EvalDNA scores for chromosomes in the PICR and PICRH genome assemblies along with reference‐based scores
for human, mouse, and rat chromosomes. Chromosomes 9 and 10 were combined for scoring in PICR but were separated in PICRH.
Overall, genome assembly improvements led to a leap in quality from scores comparable to rat and mouse to near human genome quality [Color

figure can be viewed at wileyonlinelibrary.com]

F IGURE 3 Dot plots of (a) PICR and (b)

PICRH whole‐genome NUCmer alignments
to mouse chromosomes demonstrate the
possibility for gaining new insight into

large structural variants using a
chromosome‐scale genome assembly. The
small size of PICR scaffolds relative to

full‐length chromosomes hinders the
detection of large inversions and
chromosomal rearrangements that can be
observed in the PICRH‐mouse dot plot.

Tracing the order of PICRH chromosome
regions that align to mouse chromosomes
also accurately reproduces the expressed

sequence tag (EST) mapping fromWlaschin
and Hu (2007) [Color figure can be viewed
at wileyonlinelibrary.com]
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mouse that are not possible to detect with other methods like EST

mapping.

The full‐length chromosomes in the PICRH assembly will enable

enhanced characterization of epigenetic structures of CHO cells,

particularly the chromatin compartmentalization patterns assayed

by Hi‐C. As a first demonstration of Hi‐C analysis enabled by

improvements to the reference genome assembly, patterns of

compartmentalization into active euchromatin and inactive het-

erochromatin were analyzed by performing PCA on each

Chinese hamster chromosome (Figure 4). Using established con-

ventions for Hi‐C analysis, active and inactive chromosome com-

partments were defined by the sign of the first principal component

(PC1; Lajoie et al., 2015). The PC1 sign convention was assigned by

comparing compartment scores with gene density after successfully

converting the coordinates of 98.7% of the RefSeq PICR assembly

annotation to their coordinates on the PICRH chromosomes. As

expected, compartmentalization patterns were mostly in agreement

with changes in gene density along the chromosomal axis (Schmitt,

Hu, & Ren, 2016). Regions with high gene density that were likely to

contain actively transcribed genes had a positive score while het-

erochromatin compartments with low gene density tended to have

a negative score. With further development of chromosome con-

formation capture procedures and deep sequencing, the PICRH

genome used in combination with comparative Hi‐C analysis will

facilitate the identification of genomic regions suitable for stable

production of an integrated transgene in CHO by analyzing the

stability of epigenetic structures within these compartments in-

cluding topologically associated domains (TADs; Dixon et al., 2012;

Lupiáñez et al., 2015). The availability of a reference genome as-

sembly with gene locations and their chromosomal context will also

enable the study of variants in intergenic regions and how they

impact the expression of nearby genes through epigenetic chro-

matin looping events assayed by chromosome conformation capture

technologies (Orlando et al., 2018). Additionally, knowledge of how

genes cluster together along chromosomal axes will inform the

design of advanced host cell genetic engineering strategies includ-

ing multi‐gene knock outs to efficiently eliminate host cell protein

impurities or targeted deletion of large regions of the CHO genome

that have been found to be anticorrelated with productivity (Kol

et al., 2019; Ritter et al., 2016).

4 | CONCLUSION

The new PICRH Chinese hamster genome assembly achieved sig-

nificant improvement in continuity over the RefSeq PICR assembly

through a three‐fold reduction in the total number of scaffolds and

the construction of a single scaffold per chromosome using Hi‐C
scaffolding methods. This improvement in continuity was obtained

while preserving the high accuracy of the PICR assembly which was

shown in several steps of validation and quality assessment using

multiple data sources from both short‐ and long‐read sequencing

technologies.

Improvements in the Chinese hamster genome assembly are still

possible. An orthogonal scaffolding method could be used for addi-

tional verification of scaffold placement and orientation in chromo-

some regions made up of small PICR scaffolds with repetitive

sequence. The PICRH assembly also still contains over 600 small

unplaced scaffolds that could potentially be placed with other

methods. While further improvement in the genome assembly is still

possible, the PICRH assembly provides a high‐quality stable set of

reference chromosome coordinates that can be used to facilitate the

systematic study of genomic instability at all scales in CHO cells.

Additionally, this new common set of coordinates could provide va-

luable insight into the impact of structural chromatin organization on

cell line instability by enabling comparative Hi‐C analysis between

different CHO cell lines.

F IGURE 4 Iterative correction and eigenvector decomposition
(ICE) normalized high‐throughput chromosome conformation
capture (Hi‐C) map of Chinese hamster chromosome 6 at 1Mb
resolution with gene annotation and first principal component (PC1)

score tracks. Positive and negative PC1 scores partitioned
chromosome 6 into alternating active and inactive multi‐megabase
compartments. Compartmentalization patterns closely follow

changes in gene density [Color figure can be viewed at
wileyonlinelibrary.com]
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