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Crop improvement relies heavily on genetic variation that arises
spontaneously through mutation. Modern breeding methods are
very adept at combining this genetic variation in ways that
achieve remarkable improvements in plant performance. Novel
traits have also been created through mutation breeding and
transgenesis. The advent of gene editing, however, marks a
turning point: With gene editing, synthetic variation will increas-
ingly supplement and, in some cases, supplant the genetic varia-
tion that occurs naturally. We are still in the very early stages of
realizing the opportunity provided by plant gene editing. At
present, typically only one or a few genes are targeted for
mutation at a time, and most mutations result in loss of gene
function. New technological developments, however, promise to
make it possible to perform gene editing at scale. RNA virus
vectors, for example, can deliver gene-editing reagents to the
germ line through infection and create hundreds to thousands
of diverse mutations in the progeny of infected plants. With de-
velopmental regulators, edited somatic cells can be induced to
form meristems that yield seed-producing shoots, thereby increas-
ing throughput and shrinking timescales for creating edited
plants. As these approaches are refined and others developed,
they will allow for accelerated breeding, the domestication of or-
phan crops and the reengineering of metabolism in a more di-
rected manner than has ever previously been possible.
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For centuries, humans have been developing new plant varie-
ties to ensure that their dinner plates are full and their food is

palatable (1, 2). By iteratively selecting for desired traits, such as
increased seed or fruit size, species have been phenotypically
transformed over time. A modern crop, such as maize, barely
resembles its ancestral, grassy relatives. Traits that provide color
and flavor have also been selected, giving rise to enormous
variation in species such as pepper (3). An extreme example of
phenotypic diversity through selection is the spectrum of vege-
tables that come from a single species: Brassica oleracea. Cab-
bage, broccoli, cauliflower, Brussel sprouts, kohlrabi, and kale
were all derived by selectively choosing plants with different leaf
sizes, floret shapes, and stem architectures (4). What is the origin
of this enormous phenotypic plasticity? It arises from changes in
the plant’s genome brought about by spontaneous mutation,
DNA transposition, polyploidization, or crosses with distant
relatives. The diverse array of fruits and vegetables in the pro-
duce aisle of our grocery stores is the result of human selection
imposed upon naturally occurring genetic diversity.
Beginning in the latter part of the last century, knowledge of

plant genomes increasingly guided efforts to create new crop
varieties. Modern breeding, however, still relies heavily on ge-
netic diversity that occurs spontaneously in nature. Thousands of
DNA polymorphisms distinguish one plant variety from the next.
Some desired traits are associated with genetic markers. The
progeny of crosses between varieties can be quickly surveyed for
these markers to determine those that have a desired combina-
tion as a result of genome shuffling during meiosis (5). In most
cases, the underlying genetic basis for the trait is unknown, but
that often doesn’t matter as long as the desired mixture of traits
can be assembled by following the markers.

Also, in the last century, methods were developed to deliber-
ately create genetic variation of value, thereby no longer relying
upon variation that occurs by happenstance. On one extreme is
transgenesis, involving the addition of new genes to plant ge-
nomes that confer traits such as insect tolerance or herbicide
resistance (6). With few exceptions, however, transgenesis has
been predominantly deployed in only a handful of high-value row
crops. Novel genetic variation can also be created using muta-
genic chemicals such as ethyl methanesulfonate or high energy
radiation to alter the genome of the given crop (7). A drawback
of mutation breeding is that it provides no control; large mutant
populations must be generated and screened in the hope of
identifying genetic variation of value (8). Additionally, mutagens
typically alter multiple loci, creating unwanted genetic changes
and necessitating multiple rounds of crossing to isolate the de-
sired mutation in a preferred genetic background.

The Advent of Gene Editing
With the development of gene-editing technologies over the past
20 y, it is now possible to create genetic variation with a high
degree of precision and specificity (9). Gene editing relies on
DNA targeting: that is, our ability to deliver molecular reagents
to specific sites in complex genomes. DNA targeting was first
achieved by engineering DNA binding proteins, such as zinc
finger proteins, to recognize specific DNA sequences (10). The
discovery of the mechanism by which transcription activator-like
effectors (TALEs) bind DNA was a key advance because DNA
targeting with engineered TALE proteins is both highly effective
and reliable (11). Finally, the discovery of RNA-guided DNA
targeting by CRISPR systems made DNA targeting even simpler,
less expensive, and easier to achieve (12, 13).
DNA targeting is important because it allows us to create

DNA damage at specific sites in genomes. Nucleases, whether
they be fused to engineered zinc finger and TALE arrays or are
inherently a part of CRISPR systems, create double strand
breaks (DSBs) (14). The DSBs are most frequently repaired by
end-joining repair mechanisms, resulting in targeted insertion/
deletion mutations. Alternatively, DNA templates can be pro-
vided that carry sequence information to be copied to the break
site through homology dependent repair (HDR). Other forms of
DNA damage-inducing agents have also been deployed for gene
editing, especially cytosine and adenine deaminases (15–18).
Deamination of cytosines and adenines prompts base excision

This paper results from the NAS Colloquium of the National Academy of Sciences, “Life
2.0: The Promise and Challenge of a CRISPR Path to a Sustainable Planet,” held December
10–11, 2019, at the Arnold and Mabel Beckman Center of the National Academies of
Sciences and Engineering in Irvine, CA. NAS colloquia began in 1991 and have been
published in PNAS since 1995. The complete program and video recordings of presenta-
tions are available on the NAS website at http://www.nasonline.org/CRISPR. The collection
of colloquium papers in PNAS can be found at https://www.pnas.org/page/collection/
crispr-sustainable-planet.

Author contributions: R.A.N. and D.F.V. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: voytas@umn.edu.

Published April 30, 2021.

PNAS 2021 Vol. 118 No. 22 e2004846117 https://doi.org/10.1073/pnas.2004846117 | 1 of 6

A
G
RI
CU

LT
U
RA

L
SC

IE
N
CE

S
CO

LL
O
Q
U
IU
M

PA
PE

R

https://orcid.org/0000-0002-9826-8309
https://orcid.org/0000-0002-4944-1224
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2004846117&domain=pdf
http://www.nasonline.org/CRISPR
https://www.pnas.org/page/collection/crispr-sustainable-planet
https://www.pnas.org/page/collection/crispr-sustainable-planet
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:voytas@umn.edu
https://doi.org/10.1073/pnas.2004846117
https://doi.org/10.1073/pnas.2004846117


repair (19, 20), thus generating targeted mutations without a
DSB. Further, Cas proteins have been repurposed to promote
high-fidelity repair off an RNA template. These prime editors
contain a “nicking” Cas9 and a fused polymerase that will
complex with a primer sequence added to the sgRNA. The prime
editor uses the sequence encoded within the repair primer to
incorporate base changes at the target site (19).
An editor, of course, has no value unless there is text to edit.

The advent of gene editing closely followed the next generation
sequencing era—a period of more than a decade in which our
capacity to sequence genomes grew exponentially. We now have
high quality genomes for most domesticated crop species and
numerous wild plants (20). Coupled with DNA sequence infor-
mation are enormous datasets documenting gene expression and
metabolite profiles in various tissues throughout the lifecycle of
many plant species (21, 22). Gene editing makes it possible to
test hypotheses generated from analysis of all of this data to gain
a better understanding of how plant genomes dictate growth and
development.
It is now more than 10 y since the first endogenous plant gene

has been edited, and how has the technology been used since?
First of all, gene editing works in diverse plant species, ranging
from model plants like Arabidopsis thaliana, to both monocot
(e.g., maize, wheat, and rice) and dicot (e.g., tomato, potato, and
soybean) crop species (9, 23). Whereas many plants have been
edited, the vast majority of the edits have been loss-of-function
mutations created by imprecise end-joining of DSBs, and typi-
cally only one or a few genes are targeted at a time. In biosyn-
thetic pathways, loss of gene function can prevent production of
undesired end-products or enable accumulation of desired pre-
cursors. An example of the latter is the first gene-edited food
product to enter the food supply, namely a healthier cooking oil
produced from a gene-edited soybean variety (24, 25). Inacti-
vation of two genes encoding fatty acid desaturases in soybean
causes monounsaturated fatty acids to accumulate in the seed,
resulting in an oil that is healthier and that lasts much longer
when used for frying. Whereas knockout mutations are useful in
some contexts, a binary output is often inadequate to confer the
more complex traits needed for crop improvement.
Of course, more sophisticated gene edits can be created by

repairing DSBs through HDR or by using tools such as base and
prime editors. To this point, applications of base editors have
been limited to transition mutations (15, 16), but newly described
base editors broaden the potential scope of editing (26, 27).
Prime editors offer much promise but have only recently been
implemented in plants (28). HDR makes possible the broadest
range of DNA sequence alterations, from single-base substitu-
tions to the insertion of large transgene arrays (9). HDR, how-
ever, is inefficient in somatic plant cells where gene editing
typically occurs. Strategies have been tested to increase HDR,
including knocking out genes involved in end-joining to promote
HDR and using reagents to promote entry into S phase, where
HDR predominates (29). Although some improvements in HDR
efficiencies have been realized, HDR is still infrequently pursued
to edit plant genomes because of the large investment in time
and resources needed to recover rare events (30).
To fully realize the potential of gene editing, methods are

needed that enable the production of edited plants faster, with
less cost, and at scale. The majority of gene-edited plants are
produced through tissue culture (9, 31), where gene editing re-
agents are delivered to sterile explants and then edited cells are
regenerated into whole plants. These two steps—delivery of re-
agents and regeneration of edited cells into plants—are the
primary bottlenecks for gene editing and for realizing its full
potential (31). The following two sections outline two rapidly
developing areas of research that promise to break these bot-
tlenecks, including contributions made by our laboratory.

Breaking the Tissue Culture Bottleneck with Developmental
Regulators
Plant cells are totipotent and can be induced to differentiate into
other cell types (32, 33). Tissue culture is used to take advantage
of this totipotency to propagate, transform, or edit somatic cells.
Prior to inducing differentiation into shoots and roots, somatic
cells are typically allowed to grow and divide in an undifferen-
tiated state as a callus (Fig. 1A). Promoting totipotency is not
easy. Different plants have different requirements for growth
media and hormones, particularly auxin and cytokinin that in-
duce the shoots and roots. For many species, we have not yet
defined the appropriate media and hormone regimes needed to
regenerate somatic cells, and even within a species, enormous
variation is observed between cultivars or land races in terms of
the capacity to regenerate plants from somatic cells. Further, it is
well-documented that passage of cells through culture is muta-
genic and often alters the epigenetic landscape (34, 35). Finally,
considerable time is required—from several months to year—to
coax an edited cell into a plant (31). Attempts have been made to
avoid transformation by delivering transgenes to meristems or
egg cells; however, efficiencies are low and only robust in A.
thaliana and its close relatives (36).
Certainly hormones, like auxin and cytokinin, are critical to

induce organogenesis from somatic cells, but they work in con-
cert with developmental regulators (37), mostly transcription
factors, that help realize totipotency. It was recently shown that
ectopic expression of developmental regulators BABYBOOM
and WUSCHEL could dramatically promote organogenesis, in
this case the formation of somatic embryos, in maize somatic
cells (38, 39). When transgenes were codelivered with the de-
velopmental regulators, transgenic embryos were formed in 2 wk
and plantlets in 2 to 4 wk (39) in contrast to traditional maize
transformation, which requires 12–20 wk (40). The develop-
mental regulators also promote somatic embryogenesis in sor-
ghum (41), and if broadly applicable across monocots, the
technology will be transformative, allowing rapid production of
gene-edited plants with reduced costs and at scale.
More recently, our laboratory used developmental regulators

and a cytokinin biosynthesis gene to induce de novo meristems
on dicot plants (Fig. 1B) (42). When delivered by Agrobacterium
to seedlings or soil-grown plants, shoots formed that were in-
duced by the developmental regulators. Codelivering reporter
genes or gene editing reagents made it possible to recover shoots
that were either transgenic or gene edited. When the shoots
produced flowers and seed, the gene edits and transgenes were
transmitted to the next generation. Original proof of concept was
carried out in Nicotiana benthamiana, but shoot induction works
in other species, including tomato, potato, and grape. The ability
to create gene-edited shoots on plants without having to go
through tissue culture sidesteps the tissue culture bottleneck and,
thereby, accelerates the production of gene-edited plants. Future
work will determine if this approach can be more broadly used
across dicots.

Breaking the Delivery Bottleneck with RNA Viruses
Methods for delivering DNA to plants have really not changed
since the early 1980s. Delivery is most often performed in one of
two ways: gene transfer via bacteria, such as Agrobacterium
tumefaciens, or biolistic particle bombardment (43, 44). Draw-
backs to the use of Agrobacterium include its limited host range
and the fact that the DNA that is delivered often integrates into
the genome (43, 45). The integrated DNA then needs to be
segregated away to produce a nontransgenic, edited plant.
Bombardment-based methods often result in multiple and
sometimes fragmented transgene insertions (44). More recently,
nanoparticles show promise as reagent delivery vehicles; how-
ever, work is still in the early stages (46). All of these methods

2 of 6 | PNAS Nasti and Voytas
https://doi.org/10.1073/pnas.2004846117 Attaining the promise of plant gene editing at scale

https://doi.org/10.1073/pnas.2004846117


rely on tissue culture in order to generate edited somatic cells
into whole plants.
Over the past several years, there has been a growing interest

in using plant viruses as vectors to deliver gene-editing reagents.
Viruses are rarely used for plant genetic modification, the ex-
ception being positive strand RNA viruses, which have been
engineered to express proteins or small fragments of endogenous
genes that trigger virus induced gene silencing (47). A major
drawback of RNA viruses as vectors is their limited cargo ca-
pacity, which is typically less than 1 kb, precluding their use for
delivering gene-editing reagents such as Cas9 from Streptococcus
pyogenes (4.1 kb). To overcome this limitation, transgenic plants
have been made that express Cas9, and RNA viruses are used to
deliver sgRNAs to these plants through infection (Fig. 1C)
(48–52). This approach results in somatic cells being edited;
however, recovery of mutant progeny is rare (48). Our laboratory

and collaborators recently showed that if RNA sequences that
promote cell-to-cell movement are fused to the sgRNAs, heri-
table gene edits are recovered at high frequency (53). These
experiments used Tobacco Rattle Virus as a vector and Cas9-
expressing N. benthamiana plants. Most of the seed harvested
from infected plants carried one or more gene edits.
RNA virus vectors have been developed for diverse plant

species, and the next step will be to test whether mutagenesis
through infection works efficiently in other plants, including
monocots. Further, if transgenic plants are created that express
base or prime editors, then it should be possible to make more
precise edits through infection. Although transgenic plants are
needed for this approach, tissue culture is only performed once.
All subsequent editing occurs with soil grown plants enabling
mutagenesis at scale.

B 1. Transgenic plant 
expressing Cas9

2. Infect with RNA 
virus expressing 
mobile gRNAs

3. Systemic viral
spread and editing

4. High percentage 
of progeny have 
mutations

C1. Deliver developmental 
regulators and gene 
editing reagents

2. Edited shoot-like
structures form

3. Edited shoots
transferred to soil

4. Gene edits 
transmitted to 
the next generation

A 1. Explants moved 
to sterile culture and 
gene editing reagents 
delivered

2. Edited cells 
proliferate in culture

3. Hormone treatments
induce shoots
then roots

4. Tissue culture 
derived gene
edited plants

Callus

Callus

DR

Fig. 1. Approaches for creating genetic variation in plants. (A) Gene editing through tissue culture. Most gene-edited plants are produced through tissue
culture. Explants (leaf tissue, cotyledons, immature embryos) are sterilized and placed on medium. Gene-editing reagents are then delivered to the somatic
cells; edited cells are allowed to proliferate. Addition of plant hormones induces first shoots and then roots, resulting in the edited plant. (B) Gene editing
through de novo meristem induction. A seedling is treated with an Agrobacterium strain that delivers gene-editing reagents and developmental regulators.
The latter promote the induction of a meristem from edited somatic cells. The meristem ultimately forms a shoot, which is excised, and roots are induced.
Progeny of the plant are characterized for mutations of interest. (C) Gene editing with RNA viruses. Because RNA viruses have limited cargo capacity
(typically <1 kb), a transgenic plant is created that expresses Cas9 (or a base or prime editor). The plant is infected with viruses that express sgRNAs as they
spread throughout the plant. The sgRNAs are augmented to carry sequences that promote movement into the germ line. Infected plants are grown to
maturity and seed harvested. Mutant progeny are characterized to identify those with mutations of interest.
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Implications for the Future
The technological advances described above and others likely
soon to follow will take us from our current state—being able to
create a handful of knockout mutations in germplasm amenable
to tissue culture—to the ability to efficiently edit multiple genes
simultaneously. We will increasingly see natural genetic diversity
being supplemented with synthetic diversity. Below are a few
glimpses of what the future might look like based on advances
already being realized.
As mentioned in the Introduction, since the dawn of agricul-

ture, we have transformed species by selecting desired traits,
making continual improvements from season to season. For
many species, we now understand the genetic basis for some of
the phenotypic changes that have come with crop domestication.
Often, only a handful of genes are drivers of domestication and
are responsible for increases in yield or alterations in plant ar-
chitecture that make plants more conducive to cropping systems
(1, 2). Modifications to these genes, wrought naturally over time,
can now be created in the laboratory through gene editing. As an
illustration, in tomato, several loss-of-function mutations impact
plant architecture as well as fruit size and quality. We and others
inactivated these genes in a wild species of tomato (Solanum
pimpinellifolium), such that in one round of editing, the berry-
like fruits on the edited plant increased threefold in size and
10-fold in number (54, 55). Further, the vine-like, wild tomato
was transformed into the shrub-like plants we are familiar with in
our gardens. Some of the same genes were altered in a relative
of tomato, ground cherry, to realize improvements in fruit
quality (56).
The above studies in tomato and ground cherry suggest that

gene editing can be used to rapidly improve so-called orphan
crops—crops not been subjected to intensive selection and
breeding regimes (Fig. 2A). The list of orphan crops is long and

includes dietary staples like cassava, millet, and savory bananas
(57). Many of these orphan crops are locally adapted to specific
environments and are important to the peoples who grow them,
but they nonetheless have undesirable traits that could be
addressed through gene editing. One candidate for domestica-
tion is the staple crop of Ethiopia and Eritrea, tef. Tef is a cereal
used to make the bread, injera, but productivity is hampered by
substantial yield losses due to lodging and seed shattering (58,
59). Using gene editing, it should be possible to rapidly introduce
semidwarf varieties resistant to lodging or with reduced seed
shatter. De novo domestication promises to complement and
augment traditional breeding efforts. The end result will be an
abundant and more diverse food supply.
Of course, gene editing can also be used to improve highly

domesticated species (Fig. 2B). In the experiments with tomato,
it was loss-of-function mutations that helped drive domestica-
tion, but more commonly, traits important for agriculture are
polygenic and quantitative. Further, in species such as maize,
many of the key domestication genes are transcription factors
that control traits such as plant architecture or flowering time
(60). In some cases, changes to cis-regulatory sequences have
dialed up or down the expression of these master regulators or
altered tissue specificity or responses to environmental cues.
Littering the promoters of master regulators with mutations can
recapitulate changes that occurred during domestication or
create new variation of value. Indeed, this approach has already
been demonstrated in tomato, resulting in changes to plant ar-
chitecture and fruit locule number (61).
As mentioned earlier, a goal of marker-assisted breeding is to

combine genetic information for an optimal outcome. As a
simple illustration, two parents, each with desired traits and
molecular markers linked to those traits, are crossed to make an
F1. Meiotic recombination that occurs in the production of eggs

B CAccelerated Breeding Altering Metabolism

Applications
Increasing Phenotypic Diversity
Adapting for Stress Response

Applications
Palmitic Acid Production in Soybean
Capsaicin Production in Tomatoes

A De novo Domestication

Applications
Improving Consumer Traits in Fruits
Increasing Yield of Orphan Crops

Fig. 2. Future applications for innovative plant design. The ability to edit genes in a programmable fashion, in conjunction with advanced reagent delivery
and transformation technologies, makes new methods of crop design possible. (A) Orphan crops can be domesticated through editing to confer traits such as
increased fruit size, reduced tillering, or less seed shatter, all of which promise to increase yield and marketability of orphan crops. (B) New breeding methods
can accelerate creation of novel genetic variation. (C) Primary metabolic pathways (like fatty acid biosynthesis) or secondary metabolic pathways (like the
production of capsaicin) can be harnessed to produce a diverse array of metabolites for food, fuel, and industrial purposes.
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and pollen mixes the genomes of the parents (62). By following
the markers in the progeny, it is possible to identify individuals
that carry the desired complement of markers and, thereby, the
desired phenotype. Meiotic recombination is really a process of
DSB repair, and it should be possible to target where the breaks
occur in meiosis, making the outcome of meiotic recombination
predictable. Such an approach has already been demonstrated in
yeast, and plants are likely soon to follow (63). The ability to
control meiotic recombination could eliminate so-called linkage
drag by separating desirable traits from closely linked undesir-
able ones. In the coming years, systems biology will continually
reveal the genes and genetic variation responsible for many
polygenic and quantitative traits. Controlling meiotic recombi-
nation will make it possible to assemble this variation in new
ways to enable complex traits, from increases in photosynthetic
efficiency to responses to environmental stresses caused by
climate change.
The reason we grow many plants, particularly commodity

crops, is because they provide an ample supply of primary me-
tabolites like fatty acids, carbohydrates, and protein, which we
use for food and fuel. In general, we understand the genetics and
biochemistry of primary metabolism, which should make it easier
to manipulate these pathways through gene editing, in contrast
to some of the more poorly understood polygenic and quanti-
tative traits described above that affect crop performance and
yield. It is really no surprise, then, that the first gene-edited food
ingredient to be commercialized is a trait that makes soybean oil
more similar in fatty acid composition to sunflower oil (25).
Globally, we invest enormously in agricultural enterprises and
supply chains to produce and distribute food oils. The produc-
tion of some oils, like palm, has been criticized because of the
deforestation of the tropical rain forests that take place to in-
crease productivity (64). With a plant like soybean, why not dial
up and down the composition of certain fatty acids to make a
palm oil equivalent? When grown locally, such a soybean variety
could help reduce deforestation of tropical lands and obviate the
need to transport oil around the world. Although the socioeco-
nomic impacts of oil choice and production are complex (65), it
is intriguing to think that soybean, or perhaps another oil seed
crop such as canola, could become the genetic chassis used to
produce diverse oils for a more planet-friendly means of food
and fuel production (Fig. 2C).

If soybean is a chassis for producing food oils, other plants can
be chassis for the production of other metabolites. Plants make a
diverse array of secondary metabolites of value as industrial
chemicals, pharmaceuticals, flavors, and fragrances. Solanaceous
plants, like tobacco and tomato, are particularly known for the
diverse array of secondary metabolites they produce. These
biosynthetic pathways could be repurposed to produce key sec-
ondary metabolites of value. Secondary metabolites could also
be altered to enhance food flavor and color. The enzymatic
pathway that produces capsaicin in peppers (66, 67) is also
present in tomato species, but is expressed at a very low level
(68). Imagine a spicier tomato created with gene edits that in-
crease promoter activity of capsaicin biosynthetic genes. Plants
possess a variety of additional flavoring compounds that could be
manipulated through editing (69–71) to enhance taste and create
exciting new food cultivars.

Conclusion
The gene-editing revolution has been slow to be realized in
plants, due to inefficient methods of reagent delivery and the
reliance on tissue culture. Here, we presented two technological
approaches being worked on in our laboratory, namely the de
novo induction of gene-edited meristems and the use of RNA
viruses, to create gene edits through infection. Will these ap-
proaches overcome current bottlenecks in the production of
gene edited plants? It is still too early to tell, but they are a
starting point as we work toward the next era of plant gene
editing. Improvements to the technology described here and
technological advances under development elsewhere will grad-
ually open the bottlenecks. The consequent ability to efficiently
edit plant genomes at scale will irrevocably alter our approach to
trait development and enable us to truly harness the biosynthetic
capacity of plants to meet our growing need for plant-based
products.
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