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The systems biology strategy employs integrative 
experimental and computational approaches to analyze 
data obtained in different “omics” experiments. Ideally, 
biological samples should be produced for the simulta-
neous assay by transcriptomic, proteomic, metabolomic 
and lipidomic methods, eventually resulting in the devel-
opment of a predictive computational model. As a part of 
the project named Systems Biology of Enteropathogens 
funded by the U.S. National Institutes of Health, we ap-
plied a system biology approach to study Yersinia spp., 
particularly the Y. pestis microbe, the causative agent of 
plague. The project was limited to studying the microor-
ganism in vitro, rather than evaluating a host-pathogen 
interaction. The samples produced at V.L. Motin’s labora-
tory at the University of Texas Medical Branch (UTMB) 
were processed to the transcriptome at the J. Craig Venter 
Institute (JCVI), and to the proteome, metabolome 
and lipidome assays at the Pacific Northwest National 
Laboratory (PNNL). The “omics” data were used by the 
computational experts at the University of California, San 
Diego (UCSD) to build predictive models of biological 
and regulatory networks in Yersinia, particularly those 
related to pathogenicity. In parallel, a similar approach 
was applied to Salmonella, another member of the fam-
ily Enterobacteriaceae, in collaboration with the Oregon 
Health and Sciences University (OHSU) that allowed us 
to coordinate both studies of these medically important 
pathogens. The experimental protocols, rough data and 

results obtained in these studies are publicly available at 
the Center for Systems Biology of Enteropathogens web 
site: http://www.sysbep.org/.

Here I present some findings obtained during the 
course of the Yersinia part of the project. The following 
Yersinia strains were used: fully virulent Y. pestis CO92, 
biovar Orientalis, isolated from the human case of pri-
mary pneumonic plague in the U.S. [1]; strain Y. pes-
tis Pestoides F with limited virulence, belonging to the 
subspecies caucasica, which likely originated from a 
Transcaucasian highland plague focus [2, 3]; and patho-
genic Y. pseudotuberculosis PB1, serovar O1b [4]. 

Omics for Genome Annotation Refinement

A tremendous growth in the number of completely 
sequenced genomes resulted in an almost exclusive auto-
mated annotation of the generated sequences. Therefore, 
a correct and complete accounting for the open reading 
frames (ORFs) of the reference organisms in GenBank 
should help us to reduce errors of further computational 
annotations. In this respect a so-called proteogenomic 
approach based on analysis of the transcriptome and 
proteome of the organism serves a purpose of correct 
identification of ORFs. We applied this approach to re-
fine annotation of the two above-mentioned Y. pestis 
strains CO92 and Pestoides F, as well as Y. pseudotu-
berculosis PB1. To perform a transcriptome analysis, 
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a universal Yersinia microarray chip was designed that 
consisted of 70-mer oligonucleotides corresponding to 
the putative ORFs of seven different Yersinia genomes. 
Proteome data were obtained by reverse-phase nano-
capillary LC-MS/MS analyses. Bacteria were grown in 
a chemically- defined medium modified by R. Brubaker 
[5] at 26 and 37 °C, and samples for isolation of RNA 
and a global protein digest were taken at different time 
points. Analysis of transcripts and peptides produced by 
bacteria during applied experimental conditions allowed 
us to find 96 previously undocumented annotation errors 
across these three Yersinia strains. Summary of genome 
annotation refinements included such features as discov-
ery of novel ORFs, extended start sites, identification of 
frameshifts, and translated “pseudogenes.” Among the 
genes that were missed or misinterpreted during previ-
ous annotations in the GenBank conducted by different 
research groups were essential ribosomal protein, several 
virulence-associated factors, a transcriptional regulator, 
and many hypothetical proteins. Details of this study can 
be found in our recent publication [6]. 

Multi-Omics Strategy to Unraveling Yersinia 
Pathogenesis 

Y. pestis, the agent of plague, an acute and highly 
lethal infection, is a recently evolved clone of Y. pseudo-
turbeculosis, the enteropathogen causing a limited infec-
tion in mammals and birds [7]. Both organisms share 
~97% homology at the nucleotide level, as determined 
by whole-genome sequence analysis [8]. By making a 
comprehensive omics-driven comparative analysis of 
Y. pestis and Y. pseudoturberculosis, it might be possible 
to gain an understanding as to how an acute and highly 
lethal bacterial pathogen, such as Y. pestis, has evolved 
from its less virulent progenitor. Furthermore, a cross-
comparison of epidemic and non-epidemic biovars of 
Y. pestis should provide insight into the mechanism un-
derlying a virulence-restricted phenotype of strains, such 
as Pestoides F. One of the omics approaches for this type 
of comparative studies can be the use of defined in vitro 
conditions mimicking infection, such as transition from 
the ambient to the mammalian body temperature, acidi-
fied pH, oxidative stress, etc. that allow us to address 
global changes in organisms at different time points. 
We were the first to describe whole-genome temporal 
transcriptional changes in Y. pestis during a temperature 
shift from 26 to 37 °C. We found that 235 and 274 of 
the chromosomal genes were up- and down-regulated, 
respectively, and many plasmid genes were thermoregu-
lated as well [9]. However, other omics approaches, for 
example proteomic and metabolomic analyses, were not 
simultaneously performed with the grown bacteria ob-
tained for the transcriptomic experiments. Therefore, we 
conducted a temporal multi-omic cross-comparison of 
CO92, Pestoides F and PB1 strains by using a universal 
Yersinia microarray chip for gene expression and mass 
spectrometric methods for evaluation of protein and me-
tabolite levels. This analysis revealed high gene and pro-

tein expression levels of conserved major virulence fac-
tors between two Yersinia species, as well as conserved 
post-transcriptional control of metabolism. Importantly, 
statistical inference modeling methods applied to the 
multi-omics integration of the network predicted novel 
virulence factors, including many genes annotated as 
having an unknown function. The role of these putative 
virulence factors in Yersinia pathogenesis is awaiting ex-
perimental confirmation. The results of the study were 
recently published [10].

Genome-Scale Metabolic Network Reconstruction 

A first attempt to construct a metabolic network and 
corresponding mathematical model for Y. pestis was made 
based on annotation of the microtus biovar strain 91001 
that is avirulent to humans. However, the construction of 
this model was not supported by the actual experiments 
on detection of metabolite spectra [11]. As a part of our 
systems biology project, we built a broader metabolic 
model for the virulent Y. pestis CO92. Importantly, during 
construction of the metabolic network, we used metabo-
lite identification and uptake/secretion measurements in 
samples of supernatants of Y. pestis grown at 26 °C on 
different carbon sources. Time points were taken every 
two hours for the ten hours of the growth period. The 
models contained 815 genes, 678 proteins, 963 unique 
metabolites, and 1678 reactions. This model serves as 
a base for our current efforts to integrate other “omics” 
data sets that we produced for this pathogen to fill gaps 
for model stimulations to occur. Another important re-
sult of this study was a prediction of essential genes of 
Y. pestis that might be valuable targets for development 
of antimicrobials. The list of the essential genes as well 
as experimental details can be found in our recent pub-
lication [12]. 

Conclusions and Future Directions

My personal lesson that I learned participating in 
this large systems biology project is that these days the 
success of the research depends a great deal on proper in-
teraction provided by multi-disciplinary experts and so-
phisticated technological and computational approaches. 
The research at the whole-genome level became tre-
mendously complicated, and a massive amount of data 
produced during the “omics” experiments should be ana-
lyzed and re-analyzed again and again. Next-generation 
sequencing technology will be very instrumental not 
only for the massive genomic sequencing, but for the 
expression studies (RNA-seq technology) as well, likely 
replacing microarrays for most applications. In addition, 
RNA-seq is very helpful in identifying small (non-cod-
ing) RNAs (sRNAs) that are critical regulators of the cel-
lular network. The use of RNomics has allowed several 
research groups to identify more than a hundred abun-
dant sRNAs in Yersinia spp. that play important roles in 
physiology and pathogenicity. And last, but not least, we 
always should remember that above all an interaction 
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of a pathogen and a mammal (as well as an arthropod 
vector and/or microbiota) is a key point of the microbial 
pathogenesis research. Thus, systems biology projects 
should address both sides of “omics” – the microbe and 
its host. 
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