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Abstract:

In light of recent revelations surrounding the veracity of claims regarding supplements and probiotic
additives and foods, it is clear that culture independent methods for the validation and authentication
of these products is needed. In this whitepaper we propose and outline a strategy that leverages high
throughput sequencing (HTS) technologies, curated and annotated reference whole genome
sequences, bacterial strain banks, previously described and novel informatics techniques, and a
scalable computing platform to provide a solution that will be robust and extendable to encompass the
supply chain. Through this work we propose to:

e Measure a baseline microbiome for raw products that commonly have probiotic cultures added
to them during process, which will serve as a reference database of microbiomes.

o Measure the shift in the microbiome after the addition of probiotics to raw material. We propose
carrying out experiments to generate data required to create predictive models that capture the
effects of time, environment, and dose in order to significantly change the foundational
microbiome.

e Characterize the resulting, steady state, or time varying microbiome in finished products.
These measurements will be crucial in providing input data for developing assays for food
authentication, validation of live probiotic organisms, and determine the robustness of the
predictions for finished products.

Introduction:

According the Food and Agriculture Organization [1], by 2050 the world’s food supply must grow by
70% to meet the increase in the world population [2]. That growth is projected to occur primarily in
tropical zones, where agriculture is largely developing and contains many opportunities for fraud and
addition of bacteria that are not normally part of the food supply today. Today, our food supply is
global and complex. This complexity will only increase in the future with a further globalization. The
use of probiotic bacteria has been projected to increase with an increasing population and
globalization of food. It is common to add probiotic to many types of foods that result in microbiome
shifts via live and active strains [3].

Our ability to ensure that food and food ingredients are authentic throughout our food supply chain is
paramount if we wish to guarantee the veracity of supplier claims and to ensure that our food supply is
both safe and well regulated. Use of advanced techniques based in genomics is becoming widely



available around the world. Culture independent methods are gaining acceptance but remain
unvalidated and not widely implemented in the food supply chain.

The combination of food authenticity, safety, and probiotic addition brings a new challenge to food
safety that has long been contemplated, but until recently technologies required were not sufficiently
developed to provide a scientifically sound and integrated solution. To bring this analytical challenge
into focus, fundamentally new technologies must be brought to bear that can be used routinely for
global food surveillance. By assuring food safety up and down the supply chain, these technologies
should help food producers, ingredient distributors, processors and manufacturers ensure that they
comply with international standards to provide confidence that enables trade. By providing the means
to quickly identify unsafe ingredients before they are delivered up the supply chain, billions of dollars of
revenue can be saved while further minimizing risks to consumers while ensuring added beneficial
microbes meet claims on the product label.

Both health and nutritional benefits of probiotics have been claimed [4]. Barzegari, et al. suggest that
probiotic additives should be designed with respect to the native microbiome for different
ingredients[4]. Ganesan et al. (2014) found that probiotics will survive in food ingredients for extended
periods, but they may not be culturable yet actively producing bioactive compounds[3]. Together,
these findings indicate that the baseline or foundational microbiome of a food can shift as beneficial
bacteria are added that may be predictive of addition and safety. This concept opens the door for
addition of bacteria to create a stable and disease resistant microbiome in the supply chain that
ultimately protects the food from disease outbreaks.

The standard for probiotic addition includes addition of live and active cultures. Standard plating
techniques are unlikely to provide accurate profiles of the probiotic microbiome in the food ingredients.
Interestingly, consumption of single probiotic bacteria can shift the food microbiota [5], as can
bioactive ingredients that alter the microbial community using small molecules [6-10]. This body of
work creates an interesting analytical challenge that must be solved using multi-omic integration.

Measuring the addition of specific bacteria can be done using metagenomic tools, but since we are
interested in live bacteria, advanced tools for metaRNAseq can be used, not as a tool for gene
expression, but rather as a tool to reveal genes and gene sets that modulate during microbiome shifts.
This approach may be useful analytically by measuring the probiotic with genetic tools directly and
measuring the resulting microbiome of the food containing the probiotic culture so as to define
hundreds of evidence lines that may be predictive of specific organisms in the community and how
they shift the microbiome in constructive or ‘healthy’ ways. Constructive shifts may include resistance
to spoilage and/or protective from pathogenic incursion. Conversely, undesirable shifts could lead to
increase risk of disease and growth of pathogens to a sufficient level and activity that it may lead to
possible human health risk.

With use of advanced high throughput sequencing (HTS) technologies it is possible and practical to
follow the microbiota of foods and food ingredients using metaRNAseq to determine the live and active
organisms. This technique can provide conclusive evidence of live and active bacteria in the food as
well as quantitative estimates for monitoring probiotic mixtures and validating ingredient claims as well
as an initial set of data to determine if baseline microbiota can shift predictably with the addition of
specific organisms. Parallel controlled studies of the metabolome in the same samples can provide
evidence for the composition, diversity, and metabolic bi-products of probiotic additives as well as
defining new fast and inexpensive small molecule monitors and tests that can be easily implemented
in a manufacturing environment as surrogate markers that can be an early warning sign to use more
advanced and definitive tests, such as HTS to confirm the initial results.



We propose that a multicomponent program is required to properly overcome challenges
associated with studying complex communities. He et al. recently demonstrated that there is a
predictable and microbe specific response in vitro [11]. They combined metaRNAseq and NMR
metabolomics to determine that E. coli strains have different small molecule signatures during infection
and association. We propose that by extending this concept using HTS metaRNAseq and
metabolomics directly in food, we can establish the baseline microbial community for food ingredients
and also measure how the inclusion of new organisms shifts the microbiome. By leveraging a systems
biology approach in an environmental setting we can define these samples in terms of both taxonomy
and function. To ensure that this is done in a timely fashion it is paramount that flexible and scalable
informatics solutions are developed and used throughout the proposed research.
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Figure 1: Increase in new gene/protein families with increasing genome sequences.
Panel A represents microbe families (Wu et al. 2009).
Panel B represents Salmonella enterica (Jacobsen et al., 2011).

Implementation of an NGS-based approach for authentication of probiotic microbiota in food
requires a reference database of whole genomes (WGD) and metagenomes (MGD). WGD are needed
to ensure that added bacteria are classified correctly in the community and captures the genomic
diversity of specific organisms. The food microbiome database is also needed to determine what is
‘normal’ and how it shifts with and without probiotic bacteria supplementation. The absence of such a
standard database is a significant hindrance to global food safety and public health in broadly
implementing genomics-based methods. Use of projects like GenomeTrakr and the 100K Pathogen
Genome Project attempt to solve this for pathogenic bacteria, but there is not yet a coordinated effort
to address this problem or to validate the completeness of candidate references in the probiotic arena.
Validation and authentication of probiotic composition, by definition, must detect not only organisms by
names, but also the active genes in a probiotic microbiome. The Genomic Encyclopedia of Bacteria
and Archaea (GEBA) sequenced 3500 genomes are specific phylogenetic branches with the intent of
increasing the breadth of phylogenomic-based assignments from an ecology perspective. With as few
as 50 new genomes spread over the tree of life, this study identified approximately 1060 new protein
families (Figure 1A). Figure 1B represents a complementary approach where 34 very closely related
Salmonella genomes were sequenced revealing an apparent linear increase in new protein families.
The Lactic Acid Bacteria Genome Consortium also used this approach in the early 2000’s where the
genomes of closely related lactic acid bacteria were sequenced. It resulted in reclassification of the
entire group of organisms [12]. Since then additional genomes from this group of probiotic bacteria
have been sequenced and technologies have advanced so that closed genomes can be produced in a
short time.



Table 1. Genome sequence availability of probiotic bacteria from various public
databases (date). Genome Sequence availability through NCBI. SRA submissions
include both DNA and RNA sequencing samples.

Organism Assembled Submitted to SRA
Lactobacillus 400 1594
Lactococcus 56 66
Bifidobacterium 202 207

E. coli (probiotic) 2 8142
Bacillus 688 825

Yeast 82 20,458

Genomic sequences availability for bacteria are certainly a resource for forming reference data
sets for analysis, but these resources are uneven, poorly curated, of questionable quality, and do not
adequately represent the required organism diversity (Table 1). Recently it was found that the SRA
has a large proportion of sequences from bacterial sources that are not of sufficient quality to be used
as a reference because they cannot be assembled into a meaningful sequence [14]. For example, the
diversity of Salmonella genomes (Figure 2) suggests that a very large number of genome sequences
may be required to provide an adequate reference database to pin point specific epidemiology
questions and to begin tracking virulence traits, such as antibiotic resistance and effector molecule
conservation that are known to be directly involved in disease risk and outbreaks. Figure 2 shows the
cumulate rate of observation of “new” putative genes as a function of number of isolates sampled. The
data was obtained by de-novo assembly of over 4000 individual isolates from 100K pathogen project.
A subset of 792 samples were then selected at random in separate (jackknife) trials and the
cumulative gene count was determined for each trial. The approximately linear behavior observed on
the log-log plot suggests a power law behavior with the rate of cumulative gene discovery increasing
with the number of isolates — as observed above with de novo assembly data.

0.465
Ngenes ~MNisolates

This type of scale free or power law behavior is reminiscent of the MacArthur-Wilson scaling law well
established in insular biogeography and other population ecology studies [15]. Considering that
horizontal gene transfer is common in the environment and among many types of bacteria it suggests
that each and every isolate is like a “sample” from a different microbial community and the diversity of
that community scales with the number of isolates just as the biodiversity in any ecological habitat
scales with the area (or diversity) of the underlying habitat. Understanding the underlying scaling
behavior will allow prediction of the number of samples required for gene discovery and can reveal the
universality of observed exponents. This perspective is new to food microbiology and enables one to
move to a population-based understanding of the isolates to treat them as individuals rather than a
homogenous type of organism, e.g. Salmonella. The concept can also be expanded to metagenomes
or metaRNAseq data sets where individual samples have ecologies that are unique within a type of
environment (e.g. a factory, a field, or a food source) Over time, as the necessary date is collected,



one can foresee a new field of molecular risk assessment evolving that will bring about a new
perspective on public health benefits and risks that enables a new type of large scale genomic-based
microbiology to solve long standing questions that traditional isolate and growth microbiology cannot
address. For these reasons, the development of a probiotic reference culture and
metagenomic databases is critical for avoiding errors in unintended conclusions such as
concluding presence of an organism that is not actually in the sample.
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Figure 2 The cumulative rate of discovery of putative “new genes” as a function of the number of
isolates of salmonella increases as a power law (linear on a log-log plot).

Microbial communities are dynamic systems that change when specific members, such as
probiotics, enter the food chain. Traditionally, 16s rDNA sequences have been used to define the
community membership. However, this measure is uneven for phylogenetic estimation and often
leaves one wanting more information about the state of the community. Using metagenomics, the
community membership and function can be used to define the microbiome in foods, with and without
the addition of probiotic additives. This is predicated on the hypothesis that the background
microbiome inherent to the food is stable enough to be predictive of both the food type (source) and
shifts in response to addition of specific components that drive the biochemistry within the food to shift
the community. Viewed as a biochemical dynamic system, a food or food ingredient provides an
environment for a predictable set or genes (i.e. organisms and metabolic pathways) restrained by the
active genes in the microbiome (i.e. expressed RNA). For this reason it is not sufficient to study
microbiome DNA (most of which may be derived from the host ingredient itself). Rather, applying
metaRNAseq methods it will identify both normal and abnormal microbial communities in terms of the
active genes derived by live cells (host and microbiome) that cooperate to create a novel environment.
The resulting data will be a diverse set of transcripts that are not intended to study the fundamental
character of the food, but rather be used to discover patterns that predict changes to the microbiome
using function and organism identity as a function of the classification statistics. Measurement of
microbiomes in food products will enable robust classification and predictions that can be
used bioinformaticaly. It can also support definition of nhew biomarkers for surveillance assays




to routinely test the fidelity of products in the food supply chain.

Focusing initially on the community metaRNAseq signature (mRNAsig) has several additional
advantages. It is agnostic to and robust against horizontal gene transfer and the transfer of plasmids.
Over time, evolving organisms may respond to pressure by incorporating new genes. The mRNAsig
will detect this and can be leveraged for use in detection, source tracking, and outbreak investigation.
Since the RNA transcriptome will also provide Ribosomal 16S RNA, this approach also provides an
opportunity to calibrate metaRNAseq method against more traditional 16S community analyses
allowing for both species and gene identification.

As we move to molecular methods unintended observations will be made for hazards that were not
previously observed in the food supply. It is likely that in depth sequencing will uncover previously
unrecognized community members that were not previously detected. However, one must be cautious
to ensure that the sequences do not falsely indicate organisms that are not present if short sequence
comparisons are used, as was done in a recent environmental survey. Creation of a probiotic
reference culture and metagenomic database will reduce the likelihood of false positives, determine
sensitivity and selectivity of molecular protocols, and support proper calibration of molecular methods
all required for effective a regulatory policies and action.

To support this research agenda, we propose in parallel to create and demonstrate a scalable
software system. This system must be extendible and adaptable with the understanding that not all
organisms, and not all genes, have been identified in food systems. Analysis of a variety of
microbiome meta-data sets demonstrates that as many as 50-80% of metaRNAseq reads are
unidentified [14]. However, these same unidentified reads are repeatable features of datasets from
equivalent sources. For this reason a metagenomic software service for food safety must track both
annotated and un-annotated transcripts, and compare both known and unknown components from
sample to sample. This necessitates a well-designed highly structured database and associated
operations for querying and adding data. Furthermore, extraction of salient features from the data for
use as predictive markers will be necessary in order to deliver robust assays for use in field settings.

IBM Research has extensive experience in the design and implantation of large scale software
systems [15,16], extensible databases[17,18], high performance computing platforms and
architectures [20,21], and the application of these systems to real world problems [22]. In particular the
public health research group at IBM Almaden created widely adopted open source tools that helped
enable Healthcare Information Exchanges in the U.S. [23-25], and helped implement in open source
the reference standards that integrated HIE’s with public health (as specified in todays regulations for
“‘meaningful use” regulations [26-29]. Furthermore IBM contributed open source tools to the eclipse
foundation that support rapid development of new epidemiological models for human, veterinary, and
foodborne disease [30-33]. The computational methods required for this project will leverage
algorithms that are solvable in exponential time or greater and have similar memory
requirements. These challenges require modern information management system that is
scalable and designed to handle the challenge. As such, our proposed research program includes
an explicit aim for the development and testing of such a system.

Proposed Experimental Outline:

Aim 1: Characterize and quantify the baseline microbiome.

We hypothesize that microbial communities are strongly and consistently influenced by their
surrounding environment. We anticipate that between communities group metabolism will be
patterned, consistent, and predictive so that actively expressed gene sets can be used as markers of



a communities. We will determine the normality gene sets as well as those that are highly variable
between foods, which will fuel authentication estimates as well as shifts within a product that will
predict specific communities that are indicative of environmental shifts.

Expected outcome. We expect that communities from different regions (but the same food product)
may vary in taxonomic community measurements but will be conserved in actively expressed
metabolic pathways. As such we will investigate and compare communities in both terms of
phylogenies and metabolic function so as to define specific sets of genes that are predictive. This
approach will also be informed by the food type and chemistry.

Challenges. Obtaining appropriate samples. One challenge is the ability to extract nucleic acids from
many food types. While there are challenges in the extraction of DNA (or RNA) from complex food
matrices these troubles have been largely been overcome using variations on established methods. It
is largely a problem of highly emulsified foods, but it will be determined on a case-by-case basis for
foods with varying fat composition. It is also possible that the RNA will be degraded so that traditional
analysis methods will not suitable. In this case, alternate non-parametric methods will be used that are
enabled by references, but do not entirely rely on references.

Aim 2: Characterize and quantify the shifting micro-biome after the addition of probiotics to its
final steady state in finished food products.

The introduction of new members to a community (e.g. probiotic additives) will shift the community
equilibrium to a new steady state. We anticipate that this shift will be measurable and consistent
through changes in gene expression (through RNAseq) and metabolites, and that these shifts will
occur in a predictive manner over time. The acquisition of this data in combination with the baseline
active microbiome estimates of raw products will also allow for the development of predictive models
and robust assays through data feature extraction.

Defining the mathematical relationship between probiotic communities in finished products as a
function of the starting microbial communities, introduced bacteria, and environmental factors requires
a saleable microbiological and computational effort.

Aim 3: Systematic creation of a reference database of probiotic genomes from well defined
isolates

Common analytical methods associated with HTS are not exempt to type | and Il errors, which may
cause an interpretation of risk where there is none. It will be imperative that this work ensures that
these risks are kept to a minimum by implementing good experimental design and rigorous statistical
techniques. In order to further minimize these risks the systemative creation of a reference database
of probiotic genomes from well-defined isolates is paramount. While other projects are doing this for
pathogens no such project exists for probiotic bacteria or metaRNAseq microbiome estimates.

Aim 4: Develop and deploy a scalable software service for the analysis of microbiomes and
development of assays.

Bioinformatic workflows are too often built and executed ad hoc lab specific workflows with
documentation of the actual process rarely being well recorded or presented. In order for next gen
sequencing to realize its full potential across a wide variety of food authentication, quality, and food



safety applications, there is a need to expose, formalize, and standardize transparent workflows for
bioinformatics analysis, processing, and data management. The provenance of intermediate and final
results data must be retained in a system of record both to support scientific validation and to provide
auditability of externalized conclusions. Industrial organizations seeking to leverage genomic,
metagenomic, and metabolomic data for food safety require that the informatics technologies be
available as an inexpensive and scalable cloud computing and web based service. With such a
service, all data sets and the workflows used to create them should be stored using well-designed
data management systems leveraging industry standard software and architecture. Since the
bioinformatics used to create the required evidence is critical, we propose that an extensible and
modular informatics software service should be created, demonstrated, and used as an integral part of
this program. As discussed above, standard libraries for authentication of probiotic composition (and
safety) will improve as more genome sequences become available, providing a robust database to
represent the global genome for use in metaRNAseq and other metagenomic applications. As such, a
bio-informatic software service must index and track the history of all reference databases used in
analyses by dataset. It should also track and organize the inevitable discovery of “unknown” proteins
(genes) and gene families and indexing that data to aid in the refinement and growth of the reference
database itself.

Conclusion:

We propose that a coordinated effort be initiated to apply high throughput sequencing (HTS)
technologies to the study of probiotic additives in food with the goal of validating the veracity of claims
regarding supplements and probiotic formulations and foods. This effort requires a number of Aims,
some of which can be pursued in parallel. In particular we propose to:

e Characterize and quantify the baseline microbiome

e Characterize and quantify the shifting micro-biome after the addition of probiotics to its final
steady state in finished food products

o Create a reference database of probiotic genomes from well defined isolates

o Develop and deploy a scalable software service for the analysis of microbiomes and
development of assays

Each of these aims is essential to meeting the stated goals, but can yield important benefits and
impacts to other related and important goals. We expect this work will identify new biomarkers for
surveillance assays to routinely test the fidelity of products in the food supply chain. Furthermore, the
informatics service required to achieve the goals of this project will have direct application to an even
broader range of goals for food safety. FDA, USDA, CDC, and other would all benefit from an
informatics facility that is reproducible, scalable, flexible (extendible) and high performance. It will
drive end-to-end workflows on large collections of samples, so that both the labor cost and risk of error
in production deployments can be minimized. The platform will accommodate users with different
roles and expertise, be resource cost-efficient, and scalable through cloud other distributed
techniques.
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