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Abstract

The food industry faces a 2050 deadline for the advancement and expan-
sion of the food supply chain to support the world’s growing population.
Improvements are needed across crops, livestock, and microbes to achieve
this goal. Since 2005, researchers have been attempting to make the neces-
sary strides to reach this milestone, but attempts have fallen short. With
the introduction of clustered regularly interspaced short palindromic re-
peats (CRISPRs) and CRISPR-associated (Cas) proteins, the food produc-
tion field is now able to achieve some of its most exciting advancements
since the Green Revolution. This review introduces the concept of applying
CRISPR-Cas technology as a genome-editing tool for use in the food supply
chain, focusing on its implementation to date in crop, livestock, and microbe
production, advancement of products to market, and regulatory and societal
hurdles that need to be overcome.
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INTRODUCTION

With a continuously expanding world population, the food supply chain faces some of its greatest
challenges since the Green Revolution. It has been predicted that total crop production must dou-
ble from the 2005 levels by 2050 to meet the needs of the world population (Tilman et al. 2011).
It has been ten years since this prediction was made and crop production is still struggling to meet
this goal.Models have estimated that a 2.4% annual increase in crop yield is necessary to reach the
2050 milestone. Unfortunately, a 2013 report revealed that none of the top produced crops in the
world are anywhere close to this number (Ray et al. 2013). There are many contributing factors
to this lack of increase in crop production. One factor is the amount of arable land available for
crops. It has been determined that clearing more land is not the most desirable option. Although
increasing arable land may not be viable, recent projections from the United States Department
of Agriculture (USDA) show that the number of acres planted will remain stable (USDA 2018b).
Moving past arable land, many crops across the globe struggle to thrive because of disease and
stress conditions (Ma et al. 2018). Additional strains to the food supply chain are being antici-
pated. As nations become more affluent, increased demand for livestock is likely. This not only
means that livestock production must increase but consequently that more crops will be needed
to support the corresponding increase in feed consumption. Increases in demands for cleaner en-
ergy also mean that more crops will be outsourced for biofuels (USDA 2018b). Overall, changes
must be made to meet global needs. Because of the hurdles listed above, most research is being
focused on improving crops to increase yield. Many techniques enable such improvements, but
most researchers are turning to the promise of genome editing.

Genome editing can be achieved through various methodologies, but the three most common
are zinc finger nucleases (ZFNs), transcription activator–like effector nucleases (TALENs), and
clustered regularly interspaced short palindromic repeats (CRISPRs).CRISPR has emerged as the
clear leader among the three technologies. It was first fully characterized as an adaptive immune
response in bacteria in 2007, when it was established as a phage-resistance mechanism in yo-
gurt cultures (Barrangou et al. 2007). Shortly thereafter, researchers elucidated the CRISPR-Cas
(CRISPR-associated) mechanism and repackaged this molecular machinery as a genome-editing
tool, and the CRISPR craze was born (Pennisi 2013).Many factors have contributed to CRISPR’s
unprecedented level of popularity across scientific disciplines, not the least of which has been the
ease of access—or democratization—of CRISPR. Addgene, a nonprofit plasmid repository, has
made CRISPR readily accessible for $65 per plasmid. This universal access has opened up re-
search avenues to companies, academics, and nonprofits alike, and already 3,400 laboratories have
received CRISPR shipments (LaManna & Barrangou 2018). The popularity of CRISPR lies not
only in its accessibility but most importantly in its success. Shown to be easy to use, highly specific,
and programmable,CRISPRhas become the tool of choice formany researchers.CRISPR efficacy
has been demonstrated in many model organisms and industrial workhorses used in biotechnol-
ogy, medicine, and agriculture. Although still relatively new to the agriculture field, CRISPR has
shown great promise in its ability to overcomemany of the hurdles facing the industry, specifically,
how to improve crop yield to avoid the upcoming food gap crisis. Perhaps it is fitting that the most
promising tool in agriculture was first discovered in the food industry.

In this review, we examine CRISPR as it applies to the food supply chain. We begin with
CRISPR biology to examine what has enabled its successful transition from an adaptive immune
response to a genome-editing tool. We also discuss unique applications and approaches, beyond
the basic uses of genome editing, that can be further taken advantage of.We then detail the success-
ful application of CRISPR in crops, livestock, andmicrobes.CRISPR has presented unique oppor-
tunities to researchers in these areas and has easily outpaced incumbent technologies. However,
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the fast pace of adoption has prevented regulatory agencies from keeping up with the CRISPR
craze. We discuss impacts CRISPR will likely have on the regulatory process and how societal
concerns may affect future paths.

CRISPR BIOLOGY

The knowledge of CRISPR biology has rapidly expanded since 1987,when it was first noted as un-
usual repetitive sequences in bacterial genomes (Ishino et al. 1987). In the early stages of CRISPR
discovery, three main types were identified: Type I, II, and III. Today the different CRISPR sys-
tems are divided into 2 classes, 6 types, and 23 subtypes, with additional putative types to be
validated (Koonin et al. 2017). Class 1 is characterized by a multiunit effector complex. This class
consists of Types I, III, and IV. Class 2 is characterized by single protein effectors. This class
consists of Type II, V, and VI (Makarova et al. 2011a,b). The single protein effector of Class 2
has garnered a great deal of attention, specifically in terms of genome engineering. The Type II
signature protein Cas9 is the most widely popular and most used effector protein of the CRISPR-
Cas family and as such is the main focus of this review. Regardless of the class, all CRISPR
systems are DNA encoded, RNA mediated, and nucleic acid targeting (Barrangou et al. 2007,
Brouns et al. 2008, Hale et al. 2009, Marraffini & Sontheimer 2008). Each CRISPR-Cas locus
consists of the cas genes and the CRISPR array. The cas genes are specific to each CRISPR type,
whereas the CRISPR array consists of the leader, which drives transcription of the array, and the
repeats and spacers (Horvath & Barrangou 2010). Figure 1a depicts a canonical Type II CRISPR
locus. Spacers are derived from invading mobile genetic elements (MGEs) and act as the memory
for the adaptive immune response. CRISPR biology occurs in three stages: adaptation, expression,
and interference.

Adaptation

Adaptation has two main steps: the acquisition of new spacers and the integration of spacers into
the genome.Figure 1b depicts the canonical Type II adaptation stage.This stage is directed by the
nearly universal Cas1–Cas2 proteins (Type VI is the exception) (Makarova et al. 2015). Acquisition
occurs when foreign DNA enters the cell and is interrogated by Cas. The system copies a small
piece of the foreign DNA and incorporates it into the host’s genome. DNA from an invading
source is termed a protospacer,whereas incorporatedDNA is termed a spacer (Deveau et al. 2008).
Spacers are added iteratively, with new spacers consistently being added at the leader end of the
repeat–spacer array (Barrangou et al. 2013). For the Type II system, a protospacer is identified via
the presence of a signature known as the protospacer adjacent motif (PAM; 2–7-nt PAM sequence)
(Horvath et al. 2008). This acts as a recognition signal for the target sequence. It is also useful in
distinguishing self fromnonself, as the PAM is not incorporated into theCRISPR locus (Marraffini
& Sontheimer 2010). This is important for subsequent infections. Additionally, as the spacers are
added consecutively and consistently, the array becomes a recorded history of infection events
for the organism (Andersson & Banfield 2008, Tyson & Banfield 2008). This can then be used to
identify related strains and their history.

Expression

The next stage is expression or biogenesis of CRISPR RNA (crRNA). Transcription begins at
the leader end of the repeat–spacer array. The leader sequence, which is immediately adjacent
to the array, contains a promoter sequence for the expression of crRNA (Carte et al. 2014).
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Figure 1

CRISPR (clustered regularly interspaced short palindromic repeat) biology. (a) CRISPR locus containing cas genes, a leader sequence,
and a repeat–spacer array. (b) CRISPR adaptation involves the excision of a protospacer from invading DNA and its incorporation as a
spacer into the host’s repeat–spacer array. (c) CRISPR expression involves the transcription and processing of crRNAs (CRISPR RNAs).
(d) CRISPR interference is achieved when Cas9 bound to the crRNA::tracrRNA complex recognizes the PAM in phage DNA, leading
to double-strand break and death of the phage. The inset depicts the different cleavage types of each CRISPR system.
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crRNA abundance depends on proximity to the leader, with the most proximal being the most
abundant (Zoephel & Randau 2013). Having the newest spacers incorporated after the leader
makes sense, as it is more likely for a host to be infected by a more recent phage as opposed to an
earlier exposure. Transcription produces one long precrRNA (precursor crRNA) that is processed
into mature crRNAs by cleaving within the repeat region (Figure 1c) (Deltcheva et al. 2011). A
crRNA is composed of the latter end of a spacer and the beginning of the repeat sequence. Each
has a defined length for the system (Crawley et al. 2018). Therefore, it is the crRNA that provides
the target for the CRISPR system. In Type II systems, the tracrRNA (trans-activating crRNA)
is essential to the processing of precrRNA and binding to the effector protein Cas9 (Deltcheva
et al. 2011). Cas9 recognizes bound crRNA–tracrRNA complexes and undergoes processing.
From here, Cas9 remains bound to the mature crRNA::tracrRNA for the final stage of CRISPR
biology.

Interference

The process of targeting nucleic acids is termed interference. This stage is directed by the effector
protein or complex. The effector complex is formed, recognizes foreign nucleic acids, and gen-
erates nucleic acid cleavage. In Type IIs (Figure 1d), the only required components are the Cas9
bound to the crRNA:tracrRNA duplex (Barrangou 2015). Much like during adaptation, DNA is
scanned for a PAM site (Sternberg et al. 2014). Cas9 binds to the noncomplementary strand of
the PAM and then checks for sequence similarity between the spacer in the crRNA and the target
DNA. If no mismatches are identified in the seed region, then Cas9 enacts an exact double-strand
break through the use of two nickases (Figure 1d) (Sternberg et al. 2014). Targeted DNA includes
phages, plasmids, and chromosomal DNA.Target and cleavage are characteristic of each CRISPR
type (Figure 1, inset) (Barrangou & Horvath 2017). Type I uses an exonuclease that cleaves and
degrades one strand of DNA. Type IIIs target mRNA and cleave in a ruler mechanism. Type Vs
use nickases like Type IIs do; however, the result is staggered nicking of the DNA strand. Type
VIs introduce a cut in mRNA and then nonspecifically continue to process its target. Finally, the
exact cleavage mechanism of Type IV remains unknown.

CRISPR AS A GENOME-EDITING TOOL

AlthoughCRISPR is natively an immune defense system, its basic biology hasmade it easily adapt-
able as a genome-editing tool. Although most of the CRISPR systems may be co-opted in this
manner, it is the Type II system that has gained the most popularity. One of the earliest systems
discovered, the Type II system attracted researchers because of its single effector protein Cas9.
Unlike the other known systems at the time, Cas9 was the only protein needed to identify, target,
and cleave target DNA sequences. Not only was Cas9 the only protein needed, it was discovered
in 2012 that Cas9 was programmable. By providing a synthesized single-guide RNA (sgRNA),
researchers could provide Cas9 with specific targets of interest. The sgRNA mimics the native
crRNA::tracrRNA, and the only change needed to alter the target is to the spacer region ( Jinek
et al. 2012). The ability to deliver only a single protein and RNA made exogenous use of the
Type II system remarkably simple. Figure 2 depicts how Cas9 can be used as a genome-editing
tool. Programmable sgRNAs provide an edge to CRISPR over other genetic editing techniques.
One advantage is that sgRNA synthesis is provided by numerous companies at a relatively low cost
(Wang 2015). Changing a target is no longer a cumbersome process. Additionally, it is possible to
multiplex sgRNAs, enabling simultaneous editing of targets in a single cell (Cong et al. 2013,Mali
et al. 2013). The only requirement for Cas9 targeting outside of the delivered components is the
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Figure 2

CRISPR (clustered regularly interspaced short palindromic repeats) editing. (a) CRISPR components [Cas9
and single-guide RNA (sgRNA)] needed for editing in target organisms. (b) CRISPR delivery can be
achieved through phages, plasmids, or ribonucleoproteins (RNPs). (c) CRISPR can be utilized to cause
knockouts, single nucleotide polymorphisms, knockins, repression, activation, epigenetic modification,
imaging, and recruitment. (d) CRISPR effectiveness has been demonstrated in various target organisms such
as bacteria, plants, animals, and yeast. The inset shows the replacement of the crRNA::tracrRNA complex
with a single oligonucleotide sgRNA for genome editing.

presence of a PAM in the target region. Once all the components are designed, several delivery
options are available: plasmid, phage, or ribonucleoprotein (RNP) delivery. Once delivered, Cas9
technology can be used in numerous ways.The canonical use is to introduce a blunt double-strand
break, leaving the native machinery responsible for repairing the breaks (Barrangou & Doudna
2016). One method a cell could use is nonhomologous end-joining (NHEJ). NHEJ fixes double-
strand breaks but often at the expense of an added or removed base, creating an INDEL (insertion–
deletion) mutation in the target gene.Homologous recombination is an alternative pathway avail-
able to the cell. Cells use their own copy of the targeted gene to replace the cut copy. Alternatively,
researchers can provide a template to introduce their own desired changes. This can lead to the
deletion of a gene, introduction of a gene, or repair of a damaged copy of a gene (Gaj et al. 2013).

Beyond the canonical cleavage event, there are many alternative uses for CRISPR. Although
still using the same cleavage scheme, Cas9 can be applied in several unique ways. For instance,
self-targeting in bacteria can be used as selection markers or to find rare mutations in a population
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(Selle et al. 2015). It is also possible to use CRISPR to alter microbiota composition by targeting
undesirable species (Gomaa et al. 2014). Researchers have also altered Cas9 itself to allow for
further applications.Nickase Cas9 (nCas9) introduces a single-strand nick as opposed to a double-
strand break and was developed for more controlled knockout applications to reduce the risk of
off-target effects (Doudna & Charpentier 2014, Tsai et al. 2014). Deactivated Cas9 (dCas9) does
not introduce a break because of the inactivation of the two nickase domains (RuvC andHNH) but
uses Cas9’s homing and binding abilities for a variety of uses (Barrangou & Doudna 2016). dCas9
becomes a transcriptional regulator when combined with activator or repressor domains (Gilbert
et al. 2014, Larson et al. 2013); when used in this manner the technology is termed CRISPR
activation (CRISPRa) or CRISPR interference (CRISPRi), respectively. Along the same lines,
dCas9 can be used for imaging, epigenetic modification, recruitment, and more (Chen et al. 2013,
Hilton et al. 2015).Currently,many efforts are underway to fuse dCas9 to various effector domains
(e.g., acetyl- or methyl-transferases for epigenetics; deaminases for base editing; or recombinases,
gyrases, or helicases to alter DNA locally).

Despite its many advantages, the technology still has limits. Protein size, protein efficiency,
and PAM presence can all affect aspects of the overall impact of genetic editing, including deliv-
ery, off-target effects, and lack of viable targets (Barrangou & Doudna 2016). As most research
applications currently use either SpyCas9 or SauCas9, new Cas9s are being mined and character-
ized to overcome current difficulties. These new Cas9s—including the new nanoCas9s—differ in
efficiency, PAM sequences, and size (Crawley et al. 2018). A second approach is themining of other
CRISPR systems. Cas12 (formerly Cpf1) of Type V is gaining in popularity with its staggered cut
double-strand break. Cas3 of Type I, which is an exonuclease, is being utilized as an antimicrobial.
With more types being added, it is expected that we are not yet at the saturation level of CRISPR
applications.

CRISPR IN AGRICULTURE

The Plant Toolbox

Facing the looming food crisis, plant scientists have been working to improve crops to feed the
world’s population in the future. Specifically, they have been attempting to breed and develop
crops with increased yield, disease and pest resistance, and stress tolerance. Unfortunately, this
has been an extremely slow, cumbersome, and expensive process. Traditional breeding in plants
for these traits may take 7 to 12 years (Acquaah 2009), and only one trait can be improved at
a time. Although results can be achieved with traditional methods, this timeline does not allow
for necessary measurable gains by the 2050 deadline. Researchers have thus begun looking at
genome-editing technologies as an alternative to traditional breeding. The main technologies
utilized in plant genome editing to date have been ZFNs, TALENs, and, most recently, CRISPR.
A detailed review comparing the three technologies in plants was completed by Bortesi &
Fischer (2015). Of the three, CRISPR is the leading approach for the reasons highlighted above:
programmability, efficiency, and specificity, as well as accessibility, ease of use, and multiplexing.
Both ZFNs and TALENs are proteins and require new proteins to be designed for each target,
a lengthy and costly process compared with the CRISPR sgRNA design, which enables easy and
quick reprogramming (Khan et al. 2018). The ability to multiplex with multiple sgRNAs gives
CRISPR a further edge over ZFNs and TALENs, as this allows for faster development of desired
traits. Additionally, because new sgRNAs are easily and cheaply designed, it is possible to develop
high-throughput screens with sgRNAs (S.J. Liu et al. 2017). An additional benefit of CRISPR is
that it is not limited by DNAmethylation states as ZFNs and TALENs are (Hsu et al. 2013). One
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concern with CRISPR is the presence of off-target effects, especially with highly repetitive
genomes such as those found in plants; however, researchers have already begun to investigate
methods to overcome this, such as using better guide-design tools and chemically altered Cas9s or
sgRNAs (Armin et al. 2017). These reasons are why, functionally, CRISPR should be a promising
enabler for plant genome editing. Practically, CRISPR has already shown great promise.Multiple
groups have determined that CRISPR is effective within the first generation. Other studies have
shown homozygous germline alterations that remain stable in later generations (Bortesi & Fischer
2015). Compellingly, innovative delivery and use of CRISPR could allow for nontransgenic crops
and non-GMO crops (see below).

Implementation in Crops

CRISPR was first shown to be a viable tool for plant genome engineering in 2013. Jiang et al.
(2013) showed proof of concept in Arabidopsis, tobacco, sorghum, and rice. Proof of concept was
also demonstrated in wheat (Shan et al. 2013, Upadhyay et al. 2013). Beyond ability, groups have
already begun using CRISPR to generate crops with the desired traits discussed above. Stress
tolerance has been addressed by DuPont Pioneer (now Corteva Agriscience) with its engineered
drought-resistant maize (Shi et al. 2017).Cassava has been developed that has increased protection
from cassava brown streak disease, which is in the area of disease-resistant crops. And to increase
yields, flowering times in soybeans have been altered (Yupeng et al. 2018).

Traditional fruits and vegetables have also been enhanced by CRISPR. Tomatoes have been
edited by CRISPR (Brooks et al. 2014). Both tomatoes and potatoes have had multiple targets
and traits engineered. Pathenocarpy has been a specific target among the many in tomatoes, an
industry-relevant issue specifically with regard to heat-stress conditions (Karkute et al. 2017).
Powdery mildew disease resistance is another industry concern that has been addressed (Nekrasov
et al. 2017). Potatoes have been edited for a waxy phenotype (Andersson et al. 2017). Fruit engi-
neering, still in the early stages, has begun in strawberries and apples (Gomez et al. 2018,Nishitani
et al. 2016).

Path to Market

Alongwith researchers, companies have also joined theCRISPR journey.Most of the international
agricultural businesses have already begun incorporating CRISPR into their pipelines. Last year
Syngenta announced its acquisition of CRISPR IP (intellectual property) to begin its use in several
of their crops. This list includes many of the crops in which editing has already been successful,
such as corn, wheat, and rice, but also new plants such as sunflowers (Maurer 2017). Recently,
a group was able to increase grain yield in rice (Miao et al. 2018). This leaves the path open
for companies to target similar genes to overcome food shortages. Another group has developed
mushrooms with decreased browning that the USDA has decided will not be regulated (Waltz
2016). This sets up the framework for companies’ regulatory groups as they develop new products
(see further discussion below). One crop is already available in the market—nonbrowning apples
(Waltz 2018). Even more companies have begun making commitments to release crops in the
future.DuPont is one such company; it announced the release of waxy corn by 2020 (Bomgardner
2017) and is building up an IP portfolio that is open in principle to the agricultural sector, even
including competitors such as Bayer and BASF.
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CRISPR IN THE ANIMAL KINGDOM

The Livestock Toolbox

In addition to crops, researchers have also been addressing livestock improvement as well. Unlike
crop engineering, livestock engineering has been relatively limited in scope and scale. A recent
review goes into detail about the history of genetic editing in livestock (Telugu et al. 2017). In
short, traditional manipulation techniques such as selective breeding, random trans-genesis, and
stem cells were not sufficiently effective to produce reliable results. The advent of genetic editing
tools, such as CRISPR, has begun to change this in the animal kingdom. Impressively, groups have
already established knockdown and knockin capabilities in livestock. Easy delivery, specificity, and
reliable methodology have once again allowed CRISPR to outshine other technologies.

Commercial Implementation

CRISPR implementation in the animal kingdom has occurred mainly in three species: cattle,
pigs, and chicken. These account for most of the husbandry business. Cattle have been the fo-
cus of many genetic editing approaches, most notably using TALENs for hornless cows (Carlson
et al. 2016). However, CRISPR repurposed beyond the canonical knockout is leaving its mark on
the field. Using nCas9—an altered Cas9 that cleaves only a single DNA strand—increased resis-
tance to tuberculosis has been introduced into cattle (Gao et al. 2017). Most recently a CRISPR
knockin was used to produce only male offspring (Rosenblum 2018). The rationale for this is that
males grow faster and bigger than females. In another species, researchers have created lean pigs.
Leaner pigs are at a lower risk of mortality, as pigs struggling to regulate temperature and fat
deposits have a detrimental effect on pig production. Editing pigs to be leaner will increase pig
production and save farmers money on swine going to market (Zheng et al. 2017). Porcine re-
productive and respiratory syndrome virus (PRRSV)-resistant pigs have been developed and will
soon become commercialized (Van Eenennaam 2018). Additionally, porcine endogenous retro-
viruses (PERVs) have been removed from pigs, which has a potential impact on the human health
industry (Yang et al. 2015). Last, chickens, or more specifically chicken eggs, have been edited.
A knockout in chickens has removed a protein from egg whites that is known to cause some al-
lergic reactions (Oishi et al. 2016). The next big target in the animal kingdom will be aquacul-
ture. However, genetic engineering in fish is already facing many regulatory hurdles (Ledford
2015). It has yet to be determined what regulations will be enacted and how this may affect
regulation of other genetically engineered livestock. To date, proof of concept has been demon-
strated in zebrafish, catfish, and salmon (Edvardsen et al. 2014, J. Liu et al. 2017, Khalil et al.
2017).

CRISPR IN MICROBES

Back to the Future

Ironically, with its success in multicellular organisms, researchers have now come full circle and
are looking at new ways to implement CRISPR in microbes. CRISPR has many useful advantages
in the microbial industry, both natural and engineered. The CRISPR locus itself allows for strain
typing, which is a method that fingerprints each strain, allowing for identification in proprietary
blends in food fermentation and probiotic products (Barrangou & Horvath 2012). CRISPR nat-
urally provides immunity against bacteriophages. However, this can be harnessed to specifically
vaccinate organisms from bacterial viruses widely encountered in large fermentations to decrease
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waste in the food-manufacturing process (Selle & Barrangou 2015). From a genetic engineering
standpoint, all the advantages outlined above are applicable to microbes (Figure 2). Engineering
can be exogenous or endogenous depending on the presence and functionality of a CRISPR-Cas
system and the intended use. Finally, it is possible to implement CRISPR for the targeted killing of
microbes. This may take the form of self-targeting, in which CRISPR acts as a programmable and
specific antimicrobial agent. Self-targeting would be used as a selection marker for the screening
of specific alterations or rare natural mutations that occur in mixed bacterial populations (Selle
et al. 2015). An antimicrobial agent would be used in mixed populations to remove undesirable
organisms from culture blends (Beisel et al. 2014, Gomaa et al. 2014).

Industrial Applications

Even though microbes are the original source of CRISPR, applications in microbiology are still
being newly discovered and implemented.Onemain use to date in bacteria has been typing, specif-
ically of industrially relevant lactobacilli and streptococci as well as foodborne pathogens such as
Escherichia coli and Salmonella (Barrangou & Horvath 2012). In these applications, researchers use
the sequence variability within repeat–spacer arrays to distinguish strains. Strains can be com-
pletely identical in the rest of their genomes but still see differences in the CRISPR systems. This
allows companies to specifically track their strains. Other work has focused on CRISPR’s genetic
engineering feasibility. CRISPR has been combined with recombineering and used as a selection
marker in the probiotic Lactobacillus reuteri (Oh& van Pijkeren 2014).Other bacteria of interest in
which CRISPR has been effective include Bacillus subtilis,Clostridium,Corynebacterium glutamicum,
and E. coli (Altenbuchner 2016, Cleto et al. 2016, Jiang et al. 2015, Nagaraju et al. 2016). CRISPR
applications in other microbes such as yeasts and fungi have also begun. Proof of concept has
been shown in Candida albicans, Saccharomyces cerevisiae, andUstilago maydis (Biot-Pelletier &Mar-
tin 2016, Schuster et al. 2016, Vyas et al. 2015). One study utilized wine yeasts and targeted urea
production to limit the potential for carcinogen production in the fermentation process (Vigentini
et al. 2017). From a genomic standpoint, fungi have been notoriously difficult to work with and
manipulate. But recent proof of concept studies inAspergillus,Myceliophthora thermophila, and Peni-
cillium chrysogenum show promise for the future (Nødvig et al. 2015, Pohl et al. 2016, Q. Liu et al.
2017).

Company Stakes

A clear indicator of the growing interest in CRISPR in the microbial field is the increasing in-
vestment by companies. Several companies have been begun incorporating CRISPR to enhance
their microbial products. These companies are using various systems and techniques to improve
food products, study the food-chain microbiome, and utilize canonical genome engineering as
an alternative to antibiotics. DuPont has been using CRISPR for typing and phage protection
in dairy strains for more than a decade (Barrangou et al. 2007). AgBiome recently launched
a spin-off company called LifeEdit, whose purpose is to study microbes, specifically soil mi-
crobes, and their CRISPR systems to improve agricultural business (Teater 2018). Novozymes
is using CRISPR to edit fungi (Nødvig et al. 2018). Locus Biosciences is taking a unique ap-
proach by repurposing CRISPR as an antimicrobial agent with the Type I exonuclease Cas3
against Clostridium difficile, Pseudomonas aeruginosa, and Enterobacteriaceae (Teater 2018). These
are just a few of the many companies currently investing in CRISPR in the microbiological
arena.
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WELCOME TO THE CRISPR WORLD

With the promise of new research avenues, faster product development, and solutions to global
issues, both industry and academia are embracing CRISPR technology. Studies have shown that
CRISPR is effective in plants, animals, yeast, fungi, and bacteria (Figure 3). It is no longer a matter
of if CRISPR products will be developed but when. Some products, such as nonbrowning apples
and faster-growing salmon, have already been released in certain markets (Van Eenennaam 2018,
Waltz 2018).Other products, e.g., CRISPR-modified pork and crops such as corn and soybeans to
name a few, have begun commercial development research and within two years will be ready. Be-
cause of their many advantages, CRISPR technologies have allowed agriculture to generate next-
generation products much faster than government regulatory policies can be put in place. Because
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Increases drought
resistance in corn

nCas9
Increases tuberculosis

resistance in cattle

Endogenous use of Cas9
Increases phage

protection in yogurt

Knockout
Increases rice yields

Knockout
Reduces browning

in mushrooms

Figure 3

The CRISPR (clustered regularly interspaced short palindromic repeats) farm. CRISPR-Cas9 technology
has been utilized in many ways to edit multiple target organisms. Starting from the top of the figure and
moving clockwise, there has been a knockin to produce leaner pigs, a knockout to increase rice yields, a
knockin to increase drought resistance in corn, nCas9 to increase tuberculosis resistance in cattle, a knockout
to reduce browning in mushrooms, and, finally, endogenous use of Cas9 to increase phage protection in
yogurt.
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of the many CRISPR products entering, or close to entering, the marketplace, a heavy emphasis
has been placed on regulation in the CRISPR food arena (Van Eenennaam 2018,Waltz 2018,Wolt
et al. 2016). Integral to the conversation is CRISPR’s status, or nonstatus, as aGMO.As it currently
stands,GMOs aremost often defined on the basis of an alteration to an organism that results in the
presence of foreign DNA from another species, yielding a transgenic organism. Defined as such,
CRISPR technically can readily create non-GMO products. This can be achieved through either
CRISPR delivery or novel CRISPR applications. In terms of delivery, the use of RNPs allows
DNA-free use of CRISPR editing by solely providing a Cas9 protein loaded with a guide RNA,
which is used to cut DNA and prompt the natural repair mechanisms to generate mutations natu-
rally. In terms of application, utilizing CRISPR as a screening tool to identify natural rare mutants
in the population allows for new product development without any editing at all. It has become
abundantly clear that regulatory policies currently cannot keep up with the CRISPR revolution.

In response to the CRISPR craze, both the United States and the European Union are set to
make policy decisions on gene-edited crops and animals this year considering the new technolog-
ical advances. There are two general approaches for GMO regulation (Araki & Ishii 2015). The
first regulation route is product based. In this situation, the end product is under scrutiny. If no for-
eign DNA is present in the final product, it is not subjected to regulation. The USDA announced
earlier this year that this was the route it would use. It stated that if the crop could have been pro-
duced naturally, the USDA will not regulate the product, independent of methodology (USDA
2018a).This opens the door for any genetically engineered crop,whether it was developed through
CRISPR, ZFNs, TALENs, or other means. The second regulatory route is process based, which
is commonly used in the EU. In this situation, the methodology of how a new product is devel-
oped is under scrutiny. This approach has also been adopted by the FDA in regard to genetically
engineered animals (Van Eenennaam 2018). Methodology-based regulation is considered more
conservative than product-based regulation. An alternative regulatory system has recently been
proposed in Norway. This process would engage a tiered system. It is hoped that this will make
understanding regulations easier and allow products to be regulated on the basis of howmuch was
changed instead of a blanket regulation. This looks to be particularly promising for aquaculture
(Fletcher 2017). Recently, the European Court of Justice ruled that edited crops would fall under
the existing GMO framework, creating a regulatory burden for commercialization and a chal-
lenging route for global companies to manage product approval and regulation differently across
regions (Stokstad 2018).Overall, companies favor the first regulation route in which the decision is
product based, as illustrated by the recentUSDA ruling on nonbrowning white buttonmushrooms
and apples and flax with enhanced omega-3 oil (Waltz 2018). This allows easier entry for agricul-
ture businesses to commercialize crops into the marketplace as millions of dollars are trimmed
from the process, and the commercialization window is reduced by years. Some countries have
begun incorporating a more blended approach, especially when agricultural trade among coun-
tries with different regulatory processes is considered (Araki & Ishii 2015, Ramessar et al. 2008).

As CRISPR has entered the world stage, warnings against potential pitfalls about launching
CRISPR agricultural products have arisen. Many interested parties are concerned about a poten-
tial fallout reminiscent of the public resistance to GMOs. To avoid this, calls have been made to
engage the public in the discussion. A recent study in China has shown that a minority supports
the notion of CRISPR crops (Cui & Shoemaker 2018). The authors cite that most were hesitant
to support CRISPR-edited foods because of a general lack of understanding of the methodology
itself as well as a desire to better understand the risks involved. Interestingly, support is greater
for human genetic editing for life-ending diseases than for CRISPR crops. A separate study also
revealed modest support for CRISPR when applied to life-threatening conditions (McCaughey
et al. 2016). It appears to several researchers that consumers wish to better understand the
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risk–benefit analysis for CRISPR foods (Cui & Shoemaker 2018, Funk & Kennedy 2016, Ishii
& Araki 2016). It has also been determined that consumers are more interested in benefits they
can directly measure (such as increased omega-3s) than those that are indirectly measured (such as
benefits to the farmers that may lower costs) (Lucht 2015). Complicating the situation is a lack of
trust in scientists when it comes to genetically engineered foods (Cui & Shoemaker 2018, Ishii &
Araki 2016, Lucht 2015), despite several studies and reports by esteemed academic organizations
that these products do not pose a safety threat to human health. Opinion on CRISPR-edited food
is also affected by the media, which many feel is negative (Malyska et al. 2016). To combat these
issues, the idea of labeling CRISPR-edited foods has been raised. Many cite the need to increase
public trust as a reason to accept labeling. It has been shown that when GMO foods are labeled,
consumers tend to trust that food company more (Davis 2018). A study in Switzerland has also
revealed that when GMO products are labeled and offered alongside non-GMO products, they
are more likely to be purchased than when GMO products are offered alone (Lucht 2015). Over-
all the trends reveal that consumers desire and likely need a selection of product options and a
greater understanding of where their food comes from. Those against the labeling of CRISPR
foods cite economic issues involved with adding the labels. There is also fear that this will cause
consumers to not purchase the products (McFadden 2017). Another concern is the feasibility of
creating labels. As the products could be produced through natural means and not genetic editing
intervention, there is concern that it will be impossible to validate labels (Araki & Ishii 2015).

Although there are many differing and conflicting opinions on how to best handle and regulate
CRISPRproducts in the food supply chain, it is clear that the public’s opinionwill play amajor role.
With that in mind, it is imperative that researchers, companies, and governments work together to
educate and disseminate information to the public so they can make informed decisions on their
food choices.

CONCLUSIONS

We are living in a CRISPR world and the future is now. From farm to fork, CRISPR is influencing
the food supply chain at every level: from starter cultures to crop and livestock improvement.
CRISPR is just one example of howmicrobes are constantly shaping our world. Advances through
microbiome and metagenomic studies are beginning to reveal just how much potential lies ahead.
This is especially true in the food industry, with bacteria and yeasts widely used in fermentations
and manufacturing of many foods and beverages. This also includes the ability to exploit several
CRISPR-based technologies in microbiomes that span the farm (e.g., soil microbiome, livestock
microbiome, feed microbiome), the manufacturing facilities (e.g., fermentation tanks, processing
lines, food safety control points, packaging environments), and the consumer (e.g., oral and gut
microbiomes), as along with CRISPR, microbes are farm to fork. Research is addressing how
soil microorganisms affect crops and their yield. The microbiomes of livestock affect their health
and growth. Finally, human gut health is largely impacted by its microbiome(s), which is often
influenced by diet. It is clear that we are far from exhausting the capabilities of CRISPR in the
food supply chain and have much further to go in the utilization of CRISPR-based technologies
for the manufacturing of healthier and more sustainable food products.
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