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The past decade has seen significant instru-
mentation and methodological advances 
enabling much broader profiling of metabo-
lites, proteins and nucleic acids. This in turn 
has been leveraged to enhance our sophis-
tication and understanding of Chinese 
hamster ovary (CHO) cell metabolism in 
a bioprocessing environment. Of the three 
aforementioned fields, genomics has estab-
lished itself as the preeminent technology 
platform for the foreseeable future largely 
due to a combination of throughput, com-
prehensive coverage and a relatively simple 
workflow. This has come to pass as a result 
of the tremendous advancements in next-
generation sequencing (NGS) technology. 
These breakthroughs have lowered the 
barriers of cost and time associated with 
whole genome (DNA-Seq) and transcrip-
tome (RNA-Seq) sequencing projects at 
an unprecedented rate, giving way to the 
‘sequencing revolution’ [1].

The era of CHO genomics was ush-
ered in by Xu and co-workers who applied 
NGS technology to create the first publi-
cally available CHO-K1 draft genome in 
2011 [2]. CHO-K1 is but one of a handful 
of CHO host cell lines utilized by the bio-
processing industry. Indeed considering 
the extended time in culture and variety of 
adaptation strategies applied by the numer-
ous labs working with CHO, every CHO 
host should be considered a unique cell line, 

irrespective of a shared common lineage [3]. 
Therefore, in subsequent publications by 
Lewis et al. [4] and Brinkrolf et al. [5] the 
CHO-K1 draft genome was expanded upon 
by sequencing the Chinese hamster genome. 
Having a Chinese hamster reference genome 
to facilitate the assembly of additional CHO 
genomes will benefit the community as a 
whole. However, the work is far from done 
as the quality of the genome is curtailed by 
gaps in sequencing coverage and incomplete 
gene annotations. A community of scientists 
working with CHOgenome.org is currently 
in the process of updating and correcting the 
CHO/hamster draft genomes, with particu-
lar interest in the sequencing gaps and anno-
tations. This work will be critical to unlock 
the full benefits of having a high-quality 
genome to work with. Acknowledging the 
work that remains, the question becomes: 
how will NGS impact future bioprocess and 
what is the potential role of other ‘omics 
platforms?

Current limitations of proteomics 
& metabolomics
Proteomics and metabolomics are technolo-
gies currently used to generate molecular 
profiles of CHO bioprocesses and have the 
advantage of closely reflecting the biological 
phenotype of a given system. However, the 
present reality is that only NGS is well suited 
for routine applications where speed is of 

“Next-generation sequencing techniques are too powerful to ignore, 
and offer advantages over current methods of contaminant detection 

and cell bank characterization.”
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the essence and comprehensive coverage of the ana-
lyte, genes/transcripts in the case of NGS, is desired. 
The technological advancements in workflow simplic-
ity, coverage and throughput that have occurred in 
NGS far exceed those achieved with proteomics and 
metabolomics. For instance, one major limitation of 
proteomics is the restricted dynamic range of current 
platforms, which are only able to identify a subset of 
proteins from exceedingly complex spectra of masses. 
Coverage of the proteome can be enhanced by first frac-
tionating lysates prior to analysis but this will add time 
and complexity; a factor which limits the utility of the 
approach. This contrasts to NGS which can sequence 
an entire genome or transcriptome from a single sample 
in a relatively short period of time. An additional bar-
rier to ease of application is the lack of a well-annotated 
CHO proteome database. The publication of CHO 
genome databases [2,4,5] as well as the human proteome 
is a great first step [6]. This could elicit a similar period 
of advancement that followed the publication of the 
human genome [7,8].

Metabolomics and flux analysis have also been pow-
erful techniques to decipher the metabolic profile of 
recombinant CHO cells and how it plays a key role 
in cell growth and productivity. The barrier to routine 
profiling of the entire metabolome remains the fact 
that the chemical diversity of metabolites present in 
cells makes their comprehensive detection extremely 
challenging. Thus, if global profiling of metabolites is 
desired, different extraction methods and separation 
instrumentation (e.g., LC–MS and GC–MS) will need 
to be applied. An additional barrier to routine applica-
tion is that although care must be taken when extract-
ing nucleic acids, particularly RNA for NGS analysis, 
this concern is further exacerbated for metabolomics. 
The instability of many metabolites coupled with the 
need to sustain representative partitioning between 
intracellular and extracellular compartments makes 
sample prep far more challenging and critical to ensure 
meaningful data are extracted.

Given these limitations as they exist today, the appli-
cation of metabolomics and proteomics to bioprocess-
ing will be limited in scope relative to the applications 
of NGS. However, not all bioprocess insights can come 
from NGS data. Key bioprocess information will be 
found in the proteome and metabolome as we consider 
all three ‘omics areas to be crucial for developing broad 

biological understanding of CHO bioprocess. The pro-
teome contains rich data that can provide more insight 
into bioprocess. Confirmation that transcripts of inter-
est have been translated and detection of misincorpo-
rated amino acids and the biologically active post-trans-
lational modifications are key pieces of information. 
The ability to detect a broader spectrum of metabolites 
as they accumulate or are depleted during the biopro-
cess adds considerable value when implementing media 
or bioprocess optimization strategies.

Foundation building
The term ‘quasispecies’ has been applied to the diversity 
of untransfected CHO hosts available today [3]. Hence 
it is critical to regard each user’s CHO host as unique. 
The dynamics are compounded when considering the 
variability in extracellular environment introduced by 
different media and process conditions. There are many 
examples in the literature, too many to cite here, of engi-
neering targets and culture conditions that have made a 
positive impact on bioprocess. Although some of these 
findings may be relevant to the majority of CHO cell 
lines, it is important to note that these findings may 
not be universal, even when the same host lineage is 
employed. Clone, media and culture conditions will all 
influence the output. Thus, the most relevant ‘omics 
data will be found in samples that derive from the user’s 
cells and process. We encourage each user to collect 
‘omics data at relevant points during their cell culture 
process. This represents one of those applications where 
investment in all three ‘omics technologies can add 
value by establishing a comprehensive map of how their 
host interfaces with the process platform. This practice, 
which we refer to as ‘foundation building’, will give the 
user the best opportunity to make meaningful discover-
ies in ‘omics data that can be used to inform decisions 
around media and process for future cell lines.

To truly profit from ‘omics investigations, it is best to 
form collaborations with computational biologists. Once 
the goals of the project are articulated, computational 
biologists will be able to aid with experimental design 
from a replicate and time-point perspective and, most 
importantly, distilling the vast amount of data down to a 
manageable summary of metabolic pathways of potential 
interest. The amount of data generated from an ‘omics 
experiment can be overwhelming, and having a scientist 
that is trained to work with these large data sets and the 
software necessary to manipulate them is essential.

Omics for cell line development
Bioprocess begins with the cell line. The core objec-
tives of cell line development groups are to consistently 
deliver high productivity clones with the necessary 
product quality. It is an appealing concept to be able 

“Given these limitations as they exist today, the 
application of metabolomics and proteomics to 
bioprocessing will be limited in scope relative to 

the applications of next-generation sequencing.”
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to screen early in the cell line development process and 
identify clones that display a predefined ‘omics profile 
that is predictive of productivity and product quality. 
Given the advances in speed and throughput, RNA-Seq 
has the potential to make this vision a reality. Through 
multiplexing, each well of a 96-well plate can essentially 
be ‘barcoded’ with unique nucleotide sequences, allow-
ing for distinct RNA-Seq data sets to be collected on 
hundreds of clones. Although feasible, the limitation of 
time is still a consideration. Results may require days 
to weeks to be in hand, depending on the instrumen-
tation available, as well as the number of genes and/or 
clones being characterized. With run time of about a 
day, top-end instruments such as the HiSeq 2500 plat-
form (Illumina, CA, USA) has output ranges in the 
hundreds of giga base pairs (Gbp) and the Ion Proton™ 
will boast similar numbers with the new Ion PII™ chip 
(Life Technologies, NY, USA). This would be enough 
output to analyze around 100 clones monitoring a few 
hundred genes at sufficient depth for analysis. This 
level of throughput makes the technology practical as 
an early clone-screening tool. The critical question is 
which genes should the user monitor? Clarke et al. using 
a proprietary microarray have illustrated that a set of 
∼300 genes could predict downstream productivity [9]. 
In contrast, Kang et al. have identified a much shorter 
list of transcripts and proteins correlative of titer using a 
combined DNA microarray and LC–MS shotgun pro-
teomics approach [10]. The user will need to determine 
whether the throughput and breadth of coverage offered 
by NGS or the specificity offered by multiple ‘omics 
techniques would be more beneficial in their platform. 
Both methods will require input from ‘foundation 
building’ but could significantly increase the quality of 
clones moving forward in the development process.

One of the most straightforward and useful applica-
tions of NGS that capitalizes on its rapid, high-through-
put capabilities is to screen hundreds of clones using 
targeted sequence confirmation of the biotherapeutic 
to detect undesirable sequence variants. In this case, a 
series of primers specific to the transgene(s) are designed 
to interrogate only the gene(s) of interest. Clones with 
detectable sequence variants can be discarded early in 
the process to concentrate efforts on clones with correct 
sequences. This is a capability that prior to NGS was 
limited to a much smaller number of clones analyzed 
by time-consuming mass spectrometry-based peptide 
mapping. It is important to point out the limitation 
of this method which is its inability to detect post-
transcriptional amino acid misincorporations. Hence 
the two methods become complimentary; NGS can be 
applied as an early high-throughput tool to weed out 
clones with genetic mutations rendering them unsuit-
able and then peptide mapping can be applied to a small 

subset of top clones to ensure the clones and process are 
not resulting in an unacceptable level of substitutions.

Early screening of product-quality attributes is an 
interesting area, especially with efforts to develop bio-
similars expanding. Establishing a cell line and process 
that produces a product with acceptable comparability 
to that of the innovator molecule is a significant chal-
lenge. Can screening for particular attributes be pre-
dictive of the ultimate comparability to the innovator 
molecule? This could be tricky given the influence raw 
materials and process conditions can have on glycan 
structure but one speculative path forward would be to 
monitor the transcript levels of key glycan remodeling 
enzymes (e.g., mannosidases and salidases) in clones 
early in the screening process. In this manner, the 
user could select clones predisposed to producing the 
desired glycan. While this process will require much 
effort on the front end to convince the user of its merit, 
the advancement of NGS technology makes this a pos-
sibility. Thus, if the user decides that there is utility in 
screening clones for genes predictive of productivity, it 
makes sense to include a glycan marker screen to create 
a single experiment that could be predictive for both 
productivity and product quality.

Monitoring bioprocess
The goals of a successful bioprocess are to have consis-
tent and reliable cell culture process in which the bio-
therapeutic is produced with the same titer and prod-
uct quality each run. Historically, CHO cell metabolic 
responses to traditional fed-batch conditions were not 
well understood due to the lack of foundation work 
and a narrow breadth of analytes captured in a typical 
run. Here, ‘omics techniques can provide a powerful 
tool to greatly expand the number of molecules moni-
tored, providing rich content on cellular metabolism to 
facilitate process and media development. Researchers 
have made progress in detecting changes in the CHO 
metabolome [11,12] and proteome [13,14] over the course 
of cell culture processes and identified hallmarks of 
high productivity. These works highlight the impor-
tance of fluxes through the tricarboxylic acid (TCA) 
cycle and the redox state of the cell and provide a start-
ing point for molecules and pathways that should be 
considered for inclusion in a targeted profiling strategy. 
Ideally, this approach would also be supported by the 
‘foundation building’ work described above.

We also envision NGS and perhaps targeted pro-
teomics and metabolomics providing valuable insights 
during tech transfer and scale-down/-up model devel-
opment. Despite our growing bioprocessing sophistica-
tion, when it comes time to transfer a bioprocess to a 
new facility or develop scale-down models, there are 
a limited number of readouts that are currently used 
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as metrics of comparability (e.g., titer and resulting 
product quality). The application of these ‘omics plat-
forms can provide a much richer data set to confirm 
comparability or alternatively provide insights as to the 
biological underpinnings that result in differences at 
scale. The challenge of this approach is establishing 
the difference between inherent biological variability 
of the system versus a bona fide lack of comparability.

Automation & robotics
Robotics will be a driving force to establish ‘omics as 
a routine development or characterization technology 
in the bioprocess lab. Some engineers may be reading 
this commentary with trepidation, and although it is 
true NGS experiments will need the support of com-
putational and molecular biologists, the goal is to have 
NGS experiments automated for bioprocess applica-
tions. Currently, there are robots on the market that are 
able to process cell samples, perform the library prep 
steps and, subsequently, load the sample libraries onto 
the sequencing instrument. While this is advantageous 
to free scientists’ time, this is also important for con-
sistency. Robotics will eliminate the ‘user-to-user’ vari-
ability that can amplify the noise in NGS experiments. 
Software/pipeline development is another area that will 
greatly affect the adoption of ‘omics in the bioprocess 
lab. The recent report of the software program ‘Sailfish’ 
is representative of what is to come [15]. This program 
is able to estimate transcript levels without mapping 
reads, greatly increasing the speed of RNA-Seq analy-
sis. These sorts of advancements in consistency, speed 
and hands-free processing is what will drive ‘omics 
techniques into bioprocess laboratories.

Regulatory perspective
One of the most interesting areas in the ‘omics field is 
the use of NGS for regulatory purposes. The speed and 
power of NGS technology cannot be ignored in this 
area. As an identity test, it is difficult to imagine any 
analytical readout being more convincing than that of 
the cell line genome. The ability to theoretically screen 
for any microbial or viral contaminant in a Good 
Manufacturing Practices (GMP) cell bank in a mat-
ter of days is an attractive alternative to current direct 
cultivation protocols that can take weeks to a month 
for a final readout. However, the integration of NGS 
techniques into regulatory workflows will not be triv-
ial. There needs to be consensus on controls, sample 
prep protocols, NGS pipelines and genome databases 
for mapping reads to ensure the process is standard-
ized. Industry leaders and regulatory agencies have 
recently begun the dialog on how best to implement 
NGS technology into bioprocess and quality-control 
departments. How and when regulatory agencies will 

require NGS-sourced contaminant data for filings is 
an open question; however, it seems inevitable that the 
industry is headed in this direction.

NGS technology can also be used to assess the 
genetic stability of production clones. Integration-site 
analysis prior to and post-bioprocess could provide 
nucleotide resolution of transgene stability, a level of 
precision not achievable with the current approach of 
Southern blot analysis to address this question. With 
the current reliance on short reads to perform NGS, 
there exists the challenge of creating an accurate contig 
of the integration sites in cell lines where multiple copies 
of the transgene integrated at a single site. Recent tech-
nology advances, such as Single Molecule, Real-Time 
(SMRT®; Pacific Biosciences, CA, USA) sequencing 
platform [16], generate much longer sequence reads and 
could potentially solve this dilemma. In general, all 
signs point to a future role for NGS in regulatory filings 
to support the safety and integrity of GMP cell banks.

Conclusion & future perspective
The ‘omics era has undoubtedly reached biotechnology 
and biotherapeutic development. In the short term, 
RNA-Seq and transcriptome profiling of CHO cells 
will be the focus of the bioprocessing community in 
an effort to understand how we can achieve optimal 
cell culture performance. There will be ‘omics discov-
eries that are applicable to all CHO hosts, but it is the 
‘internal’ discoveries, observed in the user’s relevant 
conditions, that we believe could be just as impact-
ful. Computational biologist will be an integral part 
of this development process. Their training in big 
data-set manipulation and experimental design will 
be vital to uncovering actionable aspects from ‘omics 
investigations. The role in which NGS will play in 
regulatory filings is of particular interest in the coming 
years. NGS techniques are too powerful to ignore, and 
offer advantages over current methods of contaminant 
detection and cell bank characterization. Whether 
all or any of the ‘omics techniques discussed become 
routine in bioprocess development remains to be seen. 
However, with the pace in which our community is 
adopting ‘omics it is clear that these techniques will be 
central to the bioprocess of the future.
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