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ABSTRACT

Salmonella enterica subsp. enterica is the most common cause of bacterial foodborne illness in the United States. With Army ARO funds,
we have investigated over the past three years whether polymorphic regions called CRISPR can used to differentiate strains of this pathogen
for outbreak investigations. We have also been investigating whether CRISPR in Salmonella protects the bacteria against foreign DNA as
described in other systems, or whether it has alternative functions. Here, we report that CRISPR can be used to subtype Salmonella enterica
serovariants Heidelberg and Typhimurium, and discuss findings from sequence analysis of over 600 strains performed over the course of this
study.
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Research update:

CRISPR-MVLST

Since our last report (August 2013), we completed CRISPR-MVLST analysis of two more prevalent Salmonella serovars:
Typhimurium and Heidelberg. Collectively, these serovars account for a fifth of all annual salmonellosis cases in the United
States. We analyzed a broad set of 175 S. Heidelberg and S. Typhimurium isolates collected over a five-year period by the
Pennsylvania Department of Health. We identified 21 Heidelberg Sequence Types (HSTs) and 37 Typhimurium STs (TSTs)
that were represented by 27 and 45 PFGE pulsotypes, respectively, and determined the discriminatory ability of each method.

For S. Heidelberg, our data shows that combined typing by both CRISPR-MVLST and PFGE provided a discriminatory power of
0.9213. Importantly, CRISPR-MVLST was able to separate common PFGE patterns such as JF6X01.0022 into distinct STs,
thus providing significantly greater discriminatory power. Conversely, we show that subtyping by either CRISPR-MVLST or
PFGE independently provides a sufficient discriminatory power (0.9345 and 0.9456, respectively) for S. Typhimurium.
Additionally, using isolates from two S. Typhimurium outbreaks, we demonstrate that CRISPR-MVLST provides excellent
epidemiologic concordance.

Cumulatively, with funds from ARO, we have shown that CRISPR-MVLST is a comparable method to PFGE, the current
‘gold standard’ in Salmonella subtyping. Given the rapidity and tractability of CRISPR-MVLST, we extended our studies to
analyze Salmonella isolates from outbreaks (S. Newport and S. Typhimurium). We also participated in a collaboration initiated
by the Food and Drug Administration that involves twelve different methods of Salmonella typing analysis (see manuscripts in
preparation). In this study, CRISPR-MVLST did extremely well, producing subtyping results that were discriminatory and
epidemiologically concordant as well as being the least expensive method employed.

In addition, Drs. Dudley and Shariat also wrote a review, “CRISPRs: Molecular Signatures used for Pathogen Subtyping” for
Applied and Environmental Microbiology, which is the first review article to be published on CRISPR-based typing methodology
and is expected to be highly cited in the future.

Salmonella CRISPRs

Beyond subtyping approaches, we were motivated to understand the biology of CRISPR-Cas systems in Salmonella. We
performed in-depth sequence analysis of the CRISPR-Cas systems in >600 Salmonella, representing four clinically prevalent
serovars. Each CRISPR-Cas feature (cas genes, leader sequences and array) is extremely conserved in Salmonella, and the
CRISPR1 locus is more highly conserved than CRISPR2. Array composition is serovar-specific, though no convincing evidence
of recent spacer acquisition against exogenous nucleic acids exists.

Our observations reflect historical CRISPR-Cas immune activity, showing that this locus has ceased undergoing adaptive
events. Intriguingly, the high level of conservation across divergent serovars shows that the genetic integrity of these inactive
loci is maintained over time, contrasting with the canonical view that inactive CRISPR loci degenerate over time. This thorough
characterization of Salmonella CRISPR-Cas systems presents new insights into Salmonella CRISPR evolution, particularly with
respect to cas gene conservation, leader sequences, organization of direct repeats and protospacer matches. Collectively, our
data suggests that Salmonella CRISPR-Cas systems are no longer immunogenic; rather their impressive conservation indicates
they may have an alternative function in Salmonella.

Overall impact

Over the duration of this grant, we conclusively demonstrated that CRISPR can be developed into an effective subtyping
marker for tracking foodborne outbreaks of Salmonella enterica serovars Enteritidis, Typhimurium, Heidelberg, and Newport.
We worked with several government agencies including the Food and Drug Administration, Centers for Disease Control, and
Pennsylvania Department of Health to develop this method using patient isolates. Drs. Dudley and Shariat published seven
peer-reviewed articles (2 more in preparation or submitted), wrote two invited editorials, were authors on five posters presented
at scientific meetings, and presented this work 15 times at scientific meetings and academic institutions. A comprehensive list
of these is at the end of this report.

Future plans

Dr. Shariat moved to Gettysburg College in June 2015 to begin a tenure-track position as an Assistant Professor in the
Department of Biology. In her research lab, her focus will continue to be on Salmonella CRISPR - discerning their function and
evolution and also their utility as a subtyping tool.
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