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Feasibility	of	new	breeding	techniques	
for	organic	farming	



What	is		
organic	agriculture?	

	
“There	 are	 many	 explanations	 and	
definitions	for	organic	agriculture	but	all	
converge	to	state	that	it	is	a	system	that	
relies	on	ecosystem	management	rather	
than	external	agricultural	inputs.”	

FAO	position	paper	on	Organic	Agriculture,	1999	



An	example	how	loss	of	function	
by	the	use	of	new	breeding	
techniques	have	led	to	a	crop	
that	is	less	dependent	on	

external	inputs	



Powdery	mildew	on	wheat	



Blumeria	graminis	



Cellens	ydre	

Cellens	indre	

The	powdery	mildew	fungus	‘tastes’	MLO	
proteins	on	the	surface	of	the	plant	cell	

Wheat	has	three	MLO	genes,	each	coding	for	a	MLO	
protein	that	the	fungus	can	recognize	

MLO	protein	



In	conventional	agriculture	powdery	mildew	is	controlled	by	fungicides		



CRISPR/Cas9	is	a	powerful	method		
for	generation	of	targeted		
loss-of-function	mutations	

	

CRISPR	finds	the	target	
Cas9	cuts	



2014:	Wheat	had	its	MLO	genes	cut			



Mutations	in	an	MLO	gene	from	wheat	
resulting	from	cuts	by	CRISPR/Cas9	



Wheat	with	three	MLO	genes	cut	–	A,	B	og	D	–	is	
resistant	towards	mildew	and	need	not	be	sprayed	

only	A	
cut	

only	B	
cut	

only	D	
cut	

A	and	B	
cut	

A	and	D	
cut	

all	three	
cut	



How	can	nature	provide	clues	for	a	
climate	friendly	sustainable	agriculture?	



What	to	do?	



How	can	we	use	today’s	enormous	
knowledge	on	plants	for	the	benefit	of	
mankind	in	a	societally	acceptable	way?	

University	of	Copenhagen	KU2016	
Crossdisciplinary	Program	

“Plants	for	a	changing	world”	



Biotechnology and plants 

All agriculture and human 
nutrition are based on mutants! 



Some	examples	of	’traditional’	
mutant	plants	



The	origin	of	agriculture	

Agriculture	is	only	about	10.000	years	old	



Mural	painting;	Tomb	of	Sennedjem,	Ancient	Thebes.		

Wheat	harvest	in	Egypt	≈	1.300	B.C.	



In the wild relative to barley does the spike splinter  
when mature to facilitate dispersal of the seeds 

Wild barley 
(Hordeum vulgare subsp. spontaneum) 



A mutation in the gene that codes for Btr1 protein 
lead to a defect in this process 

Cultivated barley 
(Hordeum vulgare) 



In the cultivated barley the Btr1 gene is defect due to the 
deletion of a single DNA base in the gene 

Wild barley 
Cultivated barley 

Btr1 gene 

Wild barley (Btr1) 

Cultivated barley (btr1)    



visible in M96-1 (Figure 3D). Disarticulation occurs at the so-
called ‘‘constriction groove’’ (Ubisch, 1915) immediately below
this expanded region (Figures 3C and 1B), although this region
is not physically constricted.

The thickness of the cell walls in the wild barley OUH602 sep-
aration layer is!25% of those in the M96-1 equivalent cells (Fig-
ures 3E, 3F, S3A, and S3B) with the thicknesses of both primary
and secondary walls appearing to be greatly reduced (compare
Figures 3E and 3F); the thin cell walls collapse at maturity, result-
ing in disarticulation across the plane of the cell wall that is
marked by a smooth disarticulation scar (Figure 3G). In M96-1,
detaching the grains from the rachis node requires the applica-
tion of considerable force, which results in the formation of a
rough, jagged disarticulation scar (Figure 3H). Fluorescence-
based immunocytochemical studies using specific antibodies
against cell wall polysaccharides revealed no significant differ-
ences in levels of heteroxylan, (1,3;1,4)-b-glucan, pectic poly-
saccharides, or cellulose in the disarticulation zones of both
brittle and non-brittle rachis barley lines (Figures S3C–S3N).
Furthermore, no reduction in lignin content was apparent in the
separation layers (Figure 3M), in contrast to other cereal taxa
(e.g., Oryza, Bromus, Agropyron, Elymus), where disarticulation

Figure 2. Complementation of btr1 and btr2
(A) Genetic complementation of btr1 byORF1. The

expression of ORF1 in cv. Golden Promise

(btr1Btr2) induces the brittle rachis phenotype in

the primary transgenic (left) and is correlated with

rachis brittleness in the T2 generation (right).

(B) Genetic complementation of btr2 byORF3. The

expression of ORF3 in RIL50 (Btr1btr2) induces

the brittle rachis phenotype in the primary trans-

genic (left) and is correlated with rachis brittleness

in the T2 generation (right). In (A) and (B), the values

shown represent the % of brittle rachis nodes,

bars indicate the SE.

See also Figure S2, Table S3, and Movie S1.

is associated with an apparent reduction
in lignin content in the disarticulation
layer (Figures 3I–3L), at least using the
acridine orange stain. In situ RNA hybrid-
ization experiments demonstrated that
Btr2 transcription is localized to within a
few cell layers at the rachis node (Figures
3N and 3O), exactly where the five or
six layers of cells mentioned previously
expand to form the separation layer.
This data is consistent with Btr2 expres-
sion playing a key role in the spatial deter-
mination of the disarticulation cell layer
above the rachis nodes.

The Structure of the BTR Protein
While functionally related, Btr1 and Btr2
share no significant similarity with one
another at either the nucleic acid or the
peptide sequence level, consistent with
the hypothesis that they are comple-

mentary dominant genes (Takahashi and Hayashi, 1964).
BLASTing BTR1 and BTR2 against the National Center for
Biotechnology Information nr database revealed no hits within
the Conserved Domain Database (CDD) using the default
Expect (E)-value of 0.01. Secondary structure prediction by
SOSUI (Hirokawa et al., 1998) databases predicted two lipo-
philic regions in BTR1, suggesting it might be a membrane-
bound protein. In contrast, BTR2 was predicted to be a soluble
protein. The BTR2 protein showed limited similarity with
CAR and PIP motifs present in the IDA protein encoded by
the Arabidopsis thaliana INFLORESCENCE DEFICIENT IN
ABSCISSION gene, but BTR2 and IDA are not considered
homologs because the amino acid similarity covers only a short
region containing the CAR and PIP motifs. Re-sequencing the
btr1 and btr2 regions in a large panel of wild and cultivated
barleys showed that the two transmembrane domains in
BTR1, and the CAR and PIP motifs in BTR2, are fully conserved
(Figures S4A and S4B).
BLAST searches of the BTR1 and BTR2 sequences against

the current barley genome assembly detected homology with
two further hypothetical proteins, that we term BTR1-LIKE and
BTR2-LIKE (Figures 4A and 4B). Btr1-like and Btr2-like genes

530 Cell 162, 527–539, July 30, 2015 ª2015 Elsevier Inc.

The	defect	in	the	cultivated	barley	can	be	‘repaired’	by	
insertion	of	the	non-mutated	Btr1	gene	from	wild	barley	

Golden promise 
(btr1)

Golden promise 
(btr1 + Btr1))
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TRAITS	GAINED	BY	BREEDING	
	



Spontaneous	mutations	in	two	genes	lead	to	the	tomato	fruit		we	know	today		

Rodríguez-Leal	et	al.	(2017)		Cell	171:	470-480.	



Floral	apex	 et al., 2017; Soyk et al., 2017; Swinnen et al., 2016). Here, we
designed a genetic ‘‘drive’’ system that exploits heritability of
CRISPR/Cas9 transgenes carrying multiple gRNAs in ‘‘sensi-
tized’’ F1 populations to rapidly and efficiently generate dozens
of novel cis-regulatory alleles for three genes that regulate fruit
size, inflorescence architecture, and plant growth habit in
tomato. By segregating away the transgene in the following
generation, we recovered a wide range of stabilized promoter
alleles that provided a continuum of variation for all three traits.
For one of these genes, we found that transcriptional change
was a poor predictor of phenotypic effect, revealing unexplored
complexity in how regulatory variation impacts quantitative
traits.

RESULTS

Recreating a Fruit Size QTL by CRISPR/Cas9
Mutagenesis of a CRE
The major feature of tomato domestication was a dramatic in-
crease in fruit size, caused in large part by an increase in the
number of carpels in flowers, and thus seed compartments (loc-
ules) in fruits. QTL influencing tomato locule number include
genes involved in the classical CLAVATA-WUSCHEL stem cell
circuit (CLV-WUS), which controls meristem size (Somssich
et al., 2016) (Figure 1A). Mutations in CLV-WUS, such as in the
signaling peptide gene CLV3, can cause meristems to enlarge
due to stem cell overproliferation, leading to developmental de-
fects that include additional organs in flowers and fruits (Soms-
sich et al., 2016; Xu et al., 2015). The ancestor of tomato
(S. pimpinellifolium, S.pim) produces small bilocular fruits, and
the fasciated (fas) and locule number (lc) QTLweremajor contrib-
utors to increased locule number, and thus fruit size, in domes-
ticated tomato (Solanum lycopersicum, S.lyc) (Figure 1B) (van
der Knaap et al., 2014). fas is a partial loss of function caused
by an inversion that disrupts the promoter of tomato CLV3
(SlCLV3), resulting in amoderate effect on locule number (Huang
and van der Knaap, 2011; Xu et al., 2015). In contrast, lc is a weak
gain-of-function allele previously shown to be associated with
two SNPs in a predicted 15-bp repressor element downstream
of tomatoWUS (SlWUS), a conserved homeobox gene that pro-
motes stem cell proliferation (Somssich et al., 2016). While not
functionally validated, this CRE shares similarity with the CArG
element ofArabidopsis that is bound by theMADSbox transcrip-
tion factor AGAMOUS at the end of flower development to
downregulate WUS and terminate meristem activity (Liu et al.,
2011; Muños et al., 2011) (Figures 1C and 1D).
To determine whether induced mutations in known CREs can

generate predictable quantitative variation, we used CRISPR/
Cas9 to target the putative SlWUS CArG element (Figure 1E;
see STAR Methods). The effect of lc is subtle (Muños et al.,
2011), with 11% of fruits producing three to four locules in
S.pim near isogenic lines (S.pim-lcNIL). Consistent with this, lc
does not cause detectable changes in SlWUS expression, sug-
gesting lc weakly affects the level, timing, or pattern of expres-
sion (Muños et al., 2011). Notably, 10% of fruits from S.pim
plants carrying a CRISPR/Cas9-induced 4-bp deletion in the
CArG element developed three locules (S.pim-lcCR), nearly
matching the weak effect of lc (Figure 1F). We previously showed
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Figure 1. Recreating a Known Fruit Size QTL in Tomato
(A) The conserved CLV3-WUS negative feedback circuit controls meristem

size. LP, leaf primordia.

(B) The fas and lc fruit size QTL increased locule number (arrowheads) during

domestication. Yellow arrowheads, locules.

(C) fas is caused by an inversion with a breakpoint 1 Kbp upstream of SlCLV3.

(D) The lcQTL (red rectangle) is associatedwith two SNPs (in bold) in a putative

repressor motif (CArG, blue-dashed square) 1.7 Kbp downstream of SlWUS.

(E) CRISPR/Cas9-induced deletions in the CArG repressor motif (blue-dashed

square) of S.pim and S.lyc. The gRNA target sequence is highlighted in red and

the PAM site underlined.

(F) S.pim-lcCR plants produce fruits with more than two locules. S.pim-fasNIL

S.pim-lcCR double mutants synergistically increase locule number.

(G) Locule number is increased in S.lyc-lcCR lines, and double mutants with

S.lyc-fasNIL are enhanced. N, plant number; n, fruit number. p: two-tailed, two-

sample t test.

Data in (F) and (G) are presented as percentage of fruits per locule number

category. N, plants per genotype; n, fruit number. See also Table S1. p: two-

tailed, two-sample t test. Scale bars, 100 mm in (A) and 1 cm in (B), (F), and (G).
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Tomato	fruit	size	is	controlled	by	two	genes	



Rodríguez-Leal	et	al.	(2017)	Engineering	
quantitative	trait	variation	for	crop	
improvement	by	genome	editing.		
Cell	171:	470-480.	

Two	different	mutants	of	wild	tomato	made	by	CRISPR/Cas9	

CRISPR/Cas9	cutting	in	SlCLV3	
promoter	region	mimics	
mutations	that	lead	to	
domestication	of	tomato	



More	SICLV3	protein:	
Small	fruits	
Few	locules	

Less	SICLV3	protein:	
Large	fruits	
More	locules	

SlCLV3	functions	as	a	brake	that	inhibits	SIWUS,		
which	stimulates	stem	cell	division		

Rodríguez-Leal	et	al.	(2017)	
Cell	171:	470-480.	



• Many	traits	in	crops	that	were	
crucial	for	their	domestication	
are	caused	by	mutations	that	can	
be	produced	by	mutation	
techniques.	

• This	opens	a	path	for	accelerated	
domestication	of	wild	plants	



Accelerating	the		Domestication	of	New	Crops	

Opinion
Accelerating the
Domestication of New Crops:
Feasibility and Approaches
Jeppe Thulin Østerberg,1,7 Wen Xiang,2,7 Lene Irene Olsen,1,7

Anna Kristina Edenbrandt,3 Suzanne Elizabeth Vedel,3

Andreas Christiansen,4 Xavier Landes,4

Martin Marchman Andersen,4 Peter Pagh,2 Peter Sandøe,5

John Nielsen,6 Søren Brøgger Christensen,6

Bo Jellesmark Thorsen,3 Klemens Kappel,4

Christian Gamborg,3 and Michael Palmgren1,*

The domestication of new crops would promote agricultural diversity and could
provide a solution to many of the problems associated with intensive agricul-
ture. We suggest here that genome editing can be used as a new tool by
breeders to accelerate the domestication of semi-domesticated or even wild
plants, building a more varied foundation for the sustainable provision of
food and fodder in the future. We examine the feasibility of such plants from
biological, social, ethical, economic, and legal perspectives.

Development of New Crops
The green revolution of the mid-20th Century marked the beginning of a dramatic increase in
agricultural yields. The revolution was fueled by high-intensity agriculture, based on high-input
and high-output crops, which vastly increased crop output per area. The beginning of the 21st
Century has seen an emerging discussion of the need for a second green revolution because
issues with high-intensity farming, such as eutrophication and loss of biodiversity, have
emerged [1–4]. This second wave of the green revolution is focused to a larger extent on
environmental sustainability, low input, and increased nutritional value.

Among the >300 000 plant species currently in existence, fewer than 200 are commercially
important, and only three crops – rice, wheat, and maize – account for the majority of plant-
derived calories and protein consumed by humans [5 –8]. One approach taken to bring about
the second wave of the green revolution is to focus on increasing crop diversity in efforts to
promote sustainable agricultural systems adapted to demanding environments [9–11]. This
approach involves focused breeding of diverse variants of the main crops cultivated today and,
more recently, the domestication of neglected, semi-domesticated, and wild plants [12].

Current breeding programs aim to include more species with desirable traits in the list of
domesticated plants. Several nitrogen-fixing and neglected legumes may have the potential to
be cultivated as crops that can grow on low-input and low-nutrient soils, and often have
potentially high nutritional value (e.g., [13]). Compared to present-day annual crops, perennial
plants typically have more-advanced root systems that not only allow them to be less
dependent on fertilizer and water supply but also contribute to preserving soil quality. Thus,

Trends
A second wave of the green revolution
is underway that focuses on environ-
mental sustainability, low input, and
increased nutritional value.

Of the more than 300 000 plant spe-
cies that exist, less than 200 are com-
mercially important, and three species
– rice, wheat, and maize – account for
the major part of the plant-derived
nutrients that humans consume.

Plants with desirable traits, such as
perennials with extensive root systems
and nitrogen-fixing plants, are currently
being domesticated as new crops.

Recent years have given rise to the use
of CRISPR/Cas9 for genome editing in
plants. The method allows mutations
to be generated at precise locations in
genes that can lead to knockout or
knockdown of protein activity.

Several traits in crops that were crucial
for their domestication are caused by
mutations that can be reproduced by
genome-editing techniques such as
CRISPR/Cas9, offering the potential
for accelerated domestication of new
crops.

1Department of Plant and
Environmental Sciences, University of
Copenhagen, Thorvaldsensvej 40,
1871 Frederiksberg C, Denmark

Trends in Plant Science, May 2017, Vol. 22, No. 5 http://dx.doi.org/10.1016/j.tplants.2017.01.004 373
© 2017 Elsevier Ltd. All rights reserved.
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L E T T E R

Breeding of crops over millennia for yield and productivity1  has 
led to reduced genetic diversity. As a result, beneficial traits of 
wild species, such as disease resistance and stress tolerance, 
have been lost2 . We devised a CRISPR–Cas9 genome 
engineering strategy to combine agronomically desirable traits 
with useful traits present in wild lines. We report that editing of 
six loci that are important for yield and productivity in present-
day tomato crop lines enabled de novo domestication of wild 
Solanum pimpinellifolium. Engineered S. pimpinellifolium 
morphology was altered, together with the size, number and 
nutritional value of the fruits. Compared with the wild parent, 
our engineered lines have a threefold increase in fruit size 
and a tenfold increase in fruit number. Notably, fruit lycopene 
accumulation is improved by 500% compared with the widely 
cultivated S. lycopersicum. Our results pave the way for 
molecular breeding programs to exploit the genetic diversity 
present in wild plants.

Tomato (S. lycopersicum) is the most important vegetable fruit world-
wide, with annual production of 100 million tons3. The domestication 
process from the putative ancestral progenitor, S. pimpinellifolium, 
which produces pea-sized fruits, to modern tomato varieties is well 
described4. However, despite the increases in yield conferred by 
domestication, the breeding focus on yield has been accompanied by 
a loss of genetic diversity and reduced nutritional value and taste5.

Many domestication traits have Mendelian inheritance patterns and 
involve loss-of-function or gain-of function mutations6 (Table 1 and 
Supplementary Table 1). This means that it should be possible to rec-
reate these traits in a suitable genetic background with CRISPR–Cas9 
genome editing technology7. Although the first CRISPR–Cas9 appli-
cations created deletions, modern variants of CRISPR-based genome 
editing technologies can produce targeted insertions, exchange amino 
acids and modulate gene expression. Therefore, genome editing could 
be used to domesticate wild plants and reunite lost but desirable traits, 
including nutritional features or stress tolerance, with yield potential 
and other agronomically valuable characteristics8.

We previously identified a suite of loci that have shaped the mor-
phology and agronomic potential of current cultivars of tomato, maize, 
rice and other crops and proposed a reverse genetic approach for the 
de novo domestication of novel crops9 (Table 1 and Supplementary 
Table 1). In tomato, at least six loci important for key domestica-
tion traits have been identified: general plant growth habit (SELF-
PRUNING)10, fruit shape (OVATE)11 and size (FASCIATED and 
FRUIT WEIGHT 2.2)12,13, fruit number (MULTIFLORA)14, and 
nutritional quality (LYCOPENE BETA CYCLASE)15. We set out to 
create a novel crop derived from S. pimpinellifolium by targeting this 
set of genes using a multiplex CRISPR–Cas9 approach to generate 
loss-of-function alleles. We constructed a single CRISPR–Cas9 plant 
transformation vector, pTC321 (Supplementary Note 1), which har-
bored six single guide RNAs (gRNAs) targeting specific sequences in 
the coding regions of all six genes (Supplementary Fig. 1). Using this 
vector, we generated ten primary T0 lines, of which three were grown 
to maturity. T1 seeds were harvested from plant 3, which showed an 
oval fruit phenotype, indicative of successful editing of the ovate locus, 
and determinate growth habit, indicative of loss of function of the self-
pruning gene. Sequencing of all six targeted loci in 50 T1 lines revealed 
that four of the six targeted loci were successfully edited in all 50 
lines and harbored indel mutations (Supplementary Tables 2 and 3). 
The four edited genes were SELF-PRUNING (SP), OVATE (O), FRUIT 
WEIGHT 2.2 (FW2.2) and LYCOPENE BETA CYCLASE (CycB). For all 
four edited genes, we recovered only edited alleles and did not detect 
any wild-type (WT) alleles in the T1 generation (Supplementary 
Datasets 1 and 2). However, we did not recover any mutations in 
either FASCIATED (FAS) or MULTIFLORA (MULT). In the case of 
FAS we identified a G-to-A substitution in the S. pimpinellifolium  
genome at the gRNA target site (designed based on the S. lycopersicum 
genome) and the targeted S. pimpinellifolium sequence, which may 
have prevented editing (Supplementary Tables 2 and 3).

To address the specificity of our multiplex editing approach, we 
sequenced the two most closely related off-target loci (as determined 
by in silico analysis using Geneious R11 program) for each gRNA 
in two pTC321 plant 3 lines (Supplementary Fig. 2). We did not 

De novo domestication of wild tomato using  
genome editing
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Conventional breeding to domesticate wild plants increases pro-
ductivity but is often accompanied by decreased fitness and genetic 
diversity, thus hampering growth in challenging environmental con-
ditions1. Introgression of stress-tolerance genes from wild relatives 
into cultivated species has been used to improve crops, but conven-
tional breeding is slow2. De novo domestication of wild species has 
been proposed as an alternative strategy2,3.

Tomato (Solanum lycopersicum; SI) is a high-value crop with 
numerous extant wild relatives. The ancestral line Solanum pimpinel-
lifolium is remarkably stress tolerant and can thrive in the Ecuadorian 
tropics and the Peruvian desert4. Furthermore, S. pimpinellifolium 
accession LA1589 is highly resistant to bacterial spot disease caused 
by race T3 strains (predominately Xanthomonas perforans), which 
can decrease yields of commercial tomato crops by up to 60% (ref. 
5), whereas accession LA1357 is salt tolerant6. Domestication of wild 
tomato species for commercial cultivation would require numerous 
phenotypes to be changed, including flowering and day-length sen-
sitivity, fruit setting and size, ripening synchrony and nutrient con-
tent. Fortunately, many domestication phenotypes are monogenic7–9 
and are amenable to CRISPR–Cas9 editing of genes or regulatory 
regions10,11. In short, de novo crop domestication is now technically 
feasible. Here, we report our efforts to domesticate S. pimpinellifolium. 
We used a multiplex CRISPR–Cas9 strategy to edit genes related to 
day-length sensitivity, shoot architecture, flower and fruit production, 
and nutrient content to accelerate domestication of S. pimpinellifolium 
(Fig. 1a and Supplementary Table 1).

Domestication of wild tomato is 
accelerated by genome editing

Tingdong Li1,2,5, Xinping Yang3–5, Yuan Yu2–5, Xiaomin Si1,2,  
Xiawan Zhai3,4, Huawei Zhang1, Wenxia Dong3,4,  
Caixia Gao1,2       & Cao Xu2–4

Crop improvement by inbreeding often results in fitness 
penalties and loss of genetic diversity. We introduced desirable 
traits into four stress-tolerant wild-tomato accessions by using 
multiplex CRISPR–Cas9 editing of coding sequences, cis-
regulatory regions or upstream open reading frames of genes 
associated with morphology, flower and fruit production, and 
ascorbic acid synthesis. Cas9-free progeny of edited plants 
had domesticated phenotypes yet retained parental disease 
resistance and salt tolerance.

Loss of the flowering repressor SELF-PRUNING 5G (SP5G, a mem-
ber of the CETS protein family) in tomato confers day neutrality and 
thus could potentially extend the geographical cultivation range12. 
Mutations in the SP (SELF PRUNING) gene, another CETS family 
flowering repressor, change tomato indeterminate shoot architecture 
into determinate vines. This change enables high-density growth and 
mechanical harvesting, because sp variants are compact plants with 
intense inflorescence and almost synchronous fruit ripening12,13. 
Moreover, simultaneous mutation of SP5G and SP in tomato vari-
eties can produce ‘double determinate’ plants that flower early on 
both primary and sympodial shoots, and permit early harvest12. 
Precise editing of SP and SP5G in wild tomato species might serve as 
a first step toward generating commercially cultivable lines. To that 
end, we designed one guide RNA (gRNA) for the first exon of each 
gene to induce mutations in SP and SP5G through genome editing 
(Supplementary Fig. 1a,b).

Fruit-size enlargement due to increased numbers of seed compart-
ments (locules) is a crucial feature of domesticated tomato14, but  
S. pimpinellifolium has only tiny bilocular fruits. Two quantitative 
trait loci, fasciated (fas)15 and locule number (lc)16, are responsible 
for increasing locule number and fruit size, and are correlated with 
mutations in the small-peptide-encoding gene CLV3 (CLAVATA3) 
and the homeobox-encoding gene WUS (WUSCHEL), respec-
tively. CLV3 null mutations in tomato and WUS loss-of-function  
mutations in Arabidopsis result in developmental defects that have 
limited their applications in crop improvement16,17. However, natu-
rally occurring alleles or those edited with CRISPR–Cas9 in their 
cis-regulatory regions increase locule number and result in fewer 
developmental defects in tomato17,18; moreover, mutations in the 
SlCLV3 promoter region adjacent to the translational start site 
(ATG) often produce strong fasciation that largely mimics that in null 
mutants11. To create weak alleles that increase fruit locule number, 
we designed two gRNAs spanning the SlCLV3 promoter from 1.2 kb 
to 1.8 kb upstream of the ATG (Supplementary Fig. 1c). To recreate 
the effect of lc, we designed one gRNA within the predicted 15-bp 
CArG transcription-repressor element downstream of SlWUS18 and 
another gRNA targeting the nearby flanking sequence of the CArG 
element (Supplementary Fig. 1d).

To edit multiple domestication genes simultaneously and stack 
the resulting allelic variants, we assembled the set of six gRNAs to 
edit four genes into one construct, by using the Csy4 multi-gRNA 
system9. We then transformed the construct pDIRECT_22C_6gR_A 
into four wild-tomato accessions, all of which are resistant to bacte-
rial spot disease, and two of which (LA1357 and LA1547) are salt 
tolerant (Supplementary Figs. 2–4). We generated 140 independent 
first-generation transgenic lines (T0). Genotyping revealed that all 
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ditions1. Introgression of stress-tolerance genes from wild relatives 
into cultivated species has been used to improve crops, but conven-
tional breeding is slow2. De novo domestication of wild species has 
been proposed as an alternative strategy2,3.
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numerous extant wild relatives. The ancestral line Solanum pimpinel-
lifolium is remarkably stress tolerant and can thrive in the Ecuadorian 
tropics and the Peruvian desert4. Furthermore, S. pimpinellifolium 
accession LA1589 is highly resistant to bacterial spot disease caused 
by race T3 strains (predominately Xanthomonas perforans), which 
can decrease yields of commercial tomato crops by up to 60% (ref. 
5), whereas accession LA1357 is salt tolerant6. Domestication of wild 
tomato species for commercial cultivation would require numerous 
phenotypes to be changed, including flowering and day-length sen-
sitivity, fruit setting and size, ripening synchrony and nutrient con-
tent. Fortunately, many domestication phenotypes are monogenic7–9 
and are amenable to CRISPR–Cas9 editing of genes or regulatory 
regions10,11. In short, de novo crop domestication is now technically 
feasible. Here, we report our efforts to domesticate S. pimpinellifolium. 
We used a multiplex CRISPR–Cas9 strategy to edit genes related to 
day-length sensitivity, shoot architecture, flower and fruit production, 
and nutrient content to accelerate domestication of S. pimpinellifolium 
(Fig. 1a and Supplementary Table 1).

Domestication of wild tomato is 
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Xiawan Zhai3,4, Huawei Zhang1, Wenxia Dong3,4,  
Caixia Gao1,2       & Cao Xu2–4

Crop improvement by inbreeding often results in fitness 
penalties and loss of genetic diversity. We introduced desirable 
traits into four stress-tolerant wild-tomato accessions by using 
multiplex CRISPR–Cas9 editing of coding sequences, cis-
regulatory regions or upstream open reading frames of genes 
associated with morphology, flower and fruit production, and 
ascorbic acid synthesis. Cas9-free progeny of edited plants 
had domesticated phenotypes yet retained parental disease 
resistance and salt tolerance.

Loss of the flowering repressor SELF-PRUNING 5G (SP5G, a mem-
ber of the CETS protein family) in tomato confers day neutrality and 
thus could potentially extend the geographical cultivation range12. 
Mutations in the SP (SELF PRUNING) gene, another CETS family 
flowering repressor, change tomato indeterminate shoot architecture 
into determinate vines. This change enables high-density growth and 
mechanical harvesting, because sp variants are compact plants with 
intense inflorescence and almost synchronous fruit ripening12,13. 
Moreover, simultaneous mutation of SP5G and SP in tomato vari-
eties can produce ‘double determinate’ plants that flower early on 
both primary and sympodial shoots, and permit early harvest12. 
Precise editing of SP and SP5G in wild tomato species might serve as 
a first step toward generating commercially cultivable lines. To that 
end, we designed one guide RNA (gRNA) for the first exon of each 
gene to induce mutations in SP and SP5G through genome editing 
(Supplementary Fig. 1a,b).

Fruit-size enlargement due to increased numbers of seed compart-
ments (locules) is a crucial feature of domesticated tomato14, but  
S. pimpinellifolium has only tiny bilocular fruits. Two quantitative 
trait loci, fasciated (fas)15 and locule number (lc)16, are responsible 
for increasing locule number and fruit size, and are correlated with 
mutations in the small-peptide-encoding gene CLV3 (CLAVATA3) 
and the homeobox-encoding gene WUS (WUSCHEL), respec-
tively. CLV3 null mutations in tomato and WUS loss-of-function  
mutations in Arabidopsis result in developmental defects that have 
limited their applications in crop improvement16,17. However, natu-
rally occurring alleles or those edited with CRISPR–Cas9 in their 
cis-regulatory regions increase locule number and result in fewer 
developmental defects in tomato17,18; moreover, mutations in the 
SlCLV3 promoter region adjacent to the translational start site 
(ATG) often produce strong fasciation that largely mimics that in null 
mutants11. To create weak alleles that increase fruit locule number, 
we designed two gRNAs spanning the SlCLV3 promoter from 1.2 kb 
to 1.8 kb upstream of the ATG (Supplementary Fig. 1c). To recreate 
the effect of lc, we designed one gRNA within the predicted 15-bp 
CArG transcription-repressor element downstream of SlWUS18 and 
another gRNA targeting the nearby flanking sequence of the CArG 
element (Supplementary Fig. 1d).

To edit multiple domestication genes simultaneously and stack 
the resulting allelic variants, we assembled the set of six gRNAs to 
edit four genes into one construct, by using the Csy4 multi-gRNA 
system9. We then transformed the construct pDIRECT_22C_6gR_A 
into four wild-tomato accessions, all of which are resistant to bacte-
rial spot disease, and two of which (LA1357 and LA1547) are salt 
tolerant (Supplementary Figs. 2–4). We generated 140 independent 
first-generation transgenic lines (T0). Genotyping revealed that all 
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six gRNAs produced a variety of mutations in target genes. We cat-
egorized the 140 lines of T0 plants into the following four groups on 
the basis of the mutation efficiency of four target genes: at least one 
gene mutated (80 lines); at least two genes mutated (77 lines); at least 
three genes mutated (68 lines); and four genes mutated simultane-
ously (45 lines) (Supplementary Table 2). To evaluate the domes-
tication outcomes in these plants, we examined the flowering time 
of primary inflorescences in T1 progeny. In the wild species, 12–17 
leaves formed before the first inflorescence, but the T1 progeny with 
SP5G and SP mutations flowered early by developing the first inflo-
rescence after 7–12 leaves on primary shoots under long-day condi-
tions (Fig. 1b–e), comparably to modern tomato cultivars. Sympodial 
cycling (alternating developed leaves and inflorescences on sympodial 
shoots) is an important trait determining growth density, flower and 
fruit production, and harvesting feasibility12,13. Wild tomato plants 
have an indeterminate vine architecture characterized by endless 
sympodial cycling with three leaves per inflorescence (Fig. 1b–d). 

Simultaneous mutation of SP and SP5G converted the indeterminate 
vine architecture of wild tomatoes into determinate growth with 
early termination of sympodial cycling, thus resulting in compact 
tomato plants with intensive and almost synchronously ripening fruits  
(Fig. 1b–d,f and Supplementary Fig. 5). Although SP and SP5G are 
crucial for improving the harvest index, the limited allelic variation 
has hampered efforts to optimize this trait. Sequencing suggested that 
we had created at least 128 and 113 mutated alleles of SP and SP5G, 
respectively (Supplementary Table 3). Stacking this allelic varia-
tion allowed us to produce a continuum of plant architectures, and 
flower- and fruit-production traits in just one generation (Fig. 1f,g, 
Supplementary Fig. 1a,b and Supplementary Table 4).

Next, we identified small indels and large insertions in the targeted 
regulatory regions of SlCLV3 and SlWUS in 140 T0 and their T1 
mutant plants (Supplementary Fig. 1c,d). Quantification of the fruit 
locule number of T0 and T1 plants suggested that LA1589-T0-116, 
T1-116-2 and LA1357-T0-48 and T1-10-31 plants show increased 
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CRISPR T1 plants after bacterial inoculation. Red arrowheads indicate inoculation sites, and red circles indicate HR area. The bar graphs show percentages 
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six gRNAs produced a variety of mutations in target genes. We cat-
egorized the 140 lines of T0 plants into the following four groups on 
the basis of the mutation efficiency of four target genes: at least one 
gene mutated (80 lines); at least two genes mutated (77 lines); at least 
three genes mutated (68 lines); and four genes mutated simultane-
ously (45 lines) (Supplementary Table 2). To evaluate the domes-
tication outcomes in these plants, we examined the flowering time 
of primary inflorescences in T1 progeny. In the wild species, 12–17 
leaves formed before the first inflorescence, but the T1 progeny with 
SP5G and SP mutations flowered early by developing the first inflo-
rescence after 7–12 leaves on primary shoots under long-day condi-
tions (Fig. 1b–e), comparably to modern tomato cultivars. Sympodial 
cycling (alternating developed leaves and inflorescences on sympodial 
shoots) is an important trait determining growth density, flower and 
fruit production, and harvesting feasibility12,13. Wild tomato plants 
have an indeterminate vine architecture characterized by endless 
sympodial cycling with three leaves per inflorescence (Fig. 1b–d). 

Simultaneous mutation of SP and SP5G converted the indeterminate 
vine architecture of wild tomatoes into determinate growth with 
early termination of sympodial cycling, thus resulting in compact 
tomato plants with intensive and almost synchronously ripening fruits  
(Fig. 1b–d,f and Supplementary Fig. 5). Although SP and SP5G are 
crucial for improving the harvest index, the limited allelic variation 
has hampered efforts to optimize this trait. Sequencing suggested that 
we had created at least 128 and 113 mutated alleles of SP and SP5G, 
respectively (Supplementary Table 3). Stacking this allelic varia-
tion allowed us to produce a continuum of plant architectures, and 
flower- and fruit-production traits in just one generation (Fig. 1f,g, 
Supplementary Fig. 1a,b and Supplementary Table 4).

Next, we identified small indels and large insertions in the targeted 
regulatory regions of SlCLV3 and SlWUS in 140 T0 and their T1 
mutant plants (Supplementary Fig. 1c,d). Quantification of the fruit 
locule number of T0 and T1 plants suggested that LA1589-T0-116, 
T1-116-2 and LA1357-T0-48 and T1-10-31 plants show increased 
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six gRNAs produced a variety of mutations in target genes. We cat-
egorized the 140 lines of T0 plants into the following four groups on 
the basis of the mutation efficiency of four target genes: at least one 
gene mutated (80 lines); at least two genes mutated (77 lines); at least 
three genes mutated (68 lines); and four genes mutated simultane-
ously (45 lines) (Supplementary Table 2). To evaluate the domes-
tication outcomes in these plants, we examined the flowering time 
of primary inflorescences in T1 progeny. In the wild species, 12–17 
leaves formed before the first inflorescence, but the T1 progeny with 
SP5G and SP mutations flowered early by developing the first inflo-
rescence after 7–12 leaves on primary shoots under long-day condi-
tions (Fig. 1b–e), comparably to modern tomato cultivars. Sympodial 
cycling (alternating developed leaves and inflorescences on sympodial 
shoots) is an important trait determining growth density, flower and 
fruit production, and harvesting feasibility12,13. Wild tomato plants 
have an indeterminate vine architecture characterized by endless 
sympodial cycling with three leaves per inflorescence (Fig. 1b–d). 

Simultaneous mutation of SP and SP5G converted the indeterminate 
vine architecture of wild tomatoes into determinate growth with 
early termination of sympodial cycling, thus resulting in compact 
tomato plants with intensive and almost synchronously ripening fruits  
(Fig. 1b–d,f and Supplementary Fig. 5). Although SP and SP5G are 
crucial for improving the harvest index, the limited allelic variation 
has hampered efforts to optimize this trait. Sequencing suggested that 
we had created at least 128 and 113 mutated alleles of SP and SP5G, 
respectively (Supplementary Table 3). Stacking this allelic varia-
tion allowed us to produce a continuum of plant architectures, and 
flower- and fruit-production traits in just one generation (Fig. 1f,g, 
Supplementary Fig. 1a,b and Supplementary Table 4).

Next, we identified small indels and large insertions in the targeted 
regulatory regions of SlCLV3 and SlWUS in 140 T0 and their T1 
mutant plants (Supplementary Fig. 1c,d). Quantification of the fruit 
locule number of T0 and T1 plants suggested that LA1589-T0-116, 
T1-116-2 and LA1357-T0-48 and T1-10-31 plants show increased 
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Figure 2 Improvement of fruit size, nutrient content and retention of stress tolerance in CRISPR plants. (a,b) Representative images (a) and quantification 
(b) of fruit locules of T0 and T1 CRISPR plants. The percentages of fruit locule numbers are indicated in a. The fruits of T0-48 and T0-116 were observed 
with three locules; the fruits of T1-10 and T1-116 were observed with three or four locules. (c) HR in wild accessions and the corresponding Cas9-free 
CRISPR T1 plants after bacterial inoculation. Red arrowheads indicate inoculation sites, and red circles indicate HR area. The bar graphs show percentages 
of plants with HR. The number of plants used for the HR test is indicated above each bar. Scale bars, 0.5 cm. (d) Comparison of plant height between wild 
type and the corresponding Cas9-free CRISPR T1 plants under salt treatment. (e) Foliar ascorbic acid content of LA1589 and the T0 CRISPR mutants.  
One-way analysis of variance (ANOVA) (d) and Tukey post hoc tests (d,e) for multiple comparisons were performed. Data are means o s.d., n = 3 individual 
plants. NS, nonsignificant difference; WT, wild type. Mutation information of selected CRISPR lines for a–e is provided in Supplementary Figures 1 and 8.
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six gRNAs produced a variety of mutations in target genes. We cat-
egorized the 140 lines of T0 plants into the following four groups on 
the basis of the mutation efficiency of four target genes: at least one 
gene mutated (80 lines); at least two genes mutated (77 lines); at least 
three genes mutated (68 lines); and four genes mutated simultane-
ously (45 lines) (Supplementary Table 2). To evaluate the domes-
tication outcomes in these plants, we examined the flowering time 
of primary inflorescences in T1 progeny. In the wild species, 12–17 
leaves formed before the first inflorescence, but the T1 progeny with 
SP5G and SP mutations flowered early by developing the first inflo-
rescence after 7–12 leaves on primary shoots under long-day condi-
tions (Fig. 1b–e), comparably to modern tomato cultivars. Sympodial 
cycling (alternating developed leaves and inflorescences on sympodial 
shoots) is an important trait determining growth density, flower and 
fruit production, and harvesting feasibility12,13. Wild tomato plants 
have an indeterminate vine architecture characterized by endless 
sympodial cycling with three leaves per inflorescence (Fig. 1b–d). 

Simultaneous mutation of SP and SP5G converted the indeterminate 
vine architecture of wild tomatoes into determinate growth with 
early termination of sympodial cycling, thus resulting in compact 
tomato plants with intensive and almost synchronously ripening fruits  
(Fig. 1b–d,f and Supplementary Fig. 5). Although SP and SP5G are 
crucial for improving the harvest index, the limited allelic variation 
has hampered efforts to optimize this trait. Sequencing suggested that 
we had created at least 128 and 113 mutated alleles of SP and SP5G, 
respectively (Supplementary Table 3). Stacking this allelic varia-
tion allowed us to produce a continuum of plant architectures, and 
flower- and fruit-production traits in just one generation (Fig. 1f,g, 
Supplementary Fig. 1a,b and Supplementary Table 4).

Next, we identified small indels and large insertions in the targeted 
regulatory regions of SlCLV3 and SlWUS in 140 T0 and their T1 
mutant plants (Supplementary Fig. 1c,d). Quantification of the fruit 
locule number of T0 and T1 plants suggested that LA1589-T0-116, 
T1-116-2 and LA1357-T0-48 and T1-10-31 plants show increased 
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Figure 2 Improvement of fruit size, nutrient content and retention of stress tolerance in CRISPR plants. (a,b) Representative images (a) and quantification 
(b) of fruit locules of T0 and T1 CRISPR plants. The percentages of fruit locule numbers are indicated in a. The fruits of T0-48 and T0-116 were observed 
with three locules; the fruits of T1-10 and T1-116 were observed with three or four locules. (c) HR in wild accessions and the corresponding Cas9-free 
CRISPR T1 plants after bacterial inoculation. Red arrowheads indicate inoculation sites, and red circles indicate HR area. The bar graphs show percentages 
of plants with HR. The number of plants used for the HR test is indicated above each bar. Scale bars, 0.5 cm. (d) Comparison of plant height between wild 
type and the corresponding Cas9-free CRISPR T1 plants under salt treatment. (e) Foliar ascorbic acid content of LA1589 and the T0 CRISPR mutants.  
One-way analysis of variance (ANOVA) (d) and Tukey post hoc tests (d,e) for multiple comparisons were performed. Data are means o s.d., n = 3 individual 
plants. NS, nonsignificant difference; WT, wild type. Mutation information of selected CRISPR lines for a–e is provided in Supplementary Figures 1 and 8.
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Figure 2 Improvement of fruit size, nutrient content and retention of stress tolerance in CRISPR plants. (a,b) Representative images (a) and quantification 
(b) of fruit locules of T0 and T1 CRISPR plants. The percentages of fruit locule numbers are indicated in a. The fruits of T0-48 and T0-116 were observed 
with three locules; the fruits of T1-10 and T1-116 were observed with three or four locules. (c) HR in wild accessions and the corresponding Cas9-free 
CRISPR T1 plants after bacterial inoculation. Red arrowheads indicate inoculation sites, and red circles indicate HR area. The bar graphs show percentages 
of plants with HR. The number of plants used for the HR test is indicated above each bar. Scale bars, 0.5 cm. (d) Comparison of plant height between wild 
type and the corresponding Cas9-free CRISPR T1 plants under salt treatment. (e) Foliar ascorbic acid content of LA1589 and the T0 CRISPR mutants.  
One-way analysis of variance (ANOVA) (d) and Tukey post hoc tests (d,e) for multiple comparisons were performed. Data are means o s.d., n = 3 individual 
plants. NS, nonsignificant difference; WT, wild type. Mutation information of selected CRISPR lines for a–e is provided in Supplementary Figures 1 and 8.
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Revolutions in agriculture chart a course
for targeted breeding of old and new crops
Yuval Eshed1* and Zachary B. Lippman2,3*

The dominance of the major crops that feed humans and their livestock arose from agricultural
revolutions that increased productivity and adapted plants to large-scale farming practices. Two
hormone systems that universally control flowering and plant architecture, florigen and gibberellin,
were the source of multiple revolutions that modified reproductive transitions and proportional growth
among plant parts. Although step changes based on serendipitous mutations in these hormone systems
laid the foundation, genetic and agronomic tuning were required for broad agricultural benefits. We
propose that generating targeted genetic variation in core components of both systems would elicit a
wider range of phenotypic variation. Incorporating this enhanced diversity into breeding programs of
conventional and underutilized crops could help to meet the future needs of the human diet and promote
sustainable agriculture.

T
ens of thousands of plants have edible
fruits, seeds, or other parts (1). However,
only several hundred plants are culti-
vated worldwide, and humans rely on
only a few dozen species formost of their

food (1–3). This bottleneck in crop diversity
reflects the early domination of the human
diet by a few pioneering crops that feed the
masses through large-scale agriculture. Dra-
matic phenotypic changes in these selected
crops, which we define as agricultural revolu-
tions, accelerated their ascent over other edible
plants. We discuss in this review the changes
in plant growth, physiology, and productivity
that have been and continue to be exploited
in agriculture. The genetic systems underlying
these changes are summarized in Fig. 1, along
with their universal core molecular compo-
nents. Alongside its central role in plant adap-
tation (4), the universal florigen hormone
system governing the transition to repro-
ductive growth (flowering) was repeatedly
modified during domestication and subse-
quent crop improvement. Modifications to
flowering genes shifted the proportion of
vegetative growth (shoots and leaves) to re-
productive growth (flowers, fruits, and seeds)
and provided a range of variation for shoot
architecture, plant size, and flower, fruit, and
seed production. Selection of specific muta-
tions adapted crops to the environmental and
agricultural conditions of high-density plant-
ing and machine harvesting. Green Revolu-
tion “dwarfing” gene mutations that modified

the gibberellin (GA) hormone system pre-
vented wheat and rice plants from collaps-
ing (lodging) by reducing plant height (stature)
under high productivity in chemically fertilized
fields, thereby minimizing yield loss caused
by an ill-timed storm (5, 6). The introduction
of hybrid seeds a century ago supported rapid
breeding of more vigorous and fertile maize
and rice plants and simplified the stacking of
disease-resistance genes in other crops such as
tomato (7, 8). Genetics changes that prevented
yield loss from shattering of pods and seeds (9)
were also revolutionary, but regulation of this
trait has not been integrated into a coherent
genetic path that can be extrapolated and ex-
ploited for diverse crops. Here, we focus on
the main features that unite the successful
adaptations of plants to modern agriculture
and the ongoing process of crop improvement.
We discuss how our current understanding
and manipulation of the underlying genetic
and molecular mechanisms behind revolu-
tions involving the florigen and GA hormone
systems can help to improve major crops and
also bring underutilized crops into mainstream
agriculture.

Flowering and reproductive cycling are key for
field performance

Florigen is the plant hormone that univer-
sally translates environmental cues and en-
dogenous signals to initiate flowering (10).
Unlike other plant hormones, florigen is a
globular protein produced in leaves and de-
livered systemically to apical and axillary tips
of shoots (buds) (11, 12). The flower-promoting
activity of florigen is counteracted by products
of genes from the same family that encode
antiflorigenic hormone signals, (13). Together,
the opposing hormones comprise a tunable
and environmentally timed regulatory sys-

tem that directs both systemic and local cues
toward flowering. This balanced hormonal
relationship is critical for flowering plants to
navigate between two opposing needs:, the
production of sufficient vegetative shoots and
leaves (source tissues) to support the high
metabolic demands of developing flowers,
fruits, and seeds (sink tissues) and the timely
completion of growth and seed production
before growing seasons end.
Although this generic description of the

florigen-antiflorigen relationship fails to capture
the dynamic evolution of the florigen gene
family and species-specific mechanistic inter-
plays between its members (14), it allows a
generalization of their impact on plant ar-
chitecture and reproductive success (Fig. 1).
Particularly relevant to agriculture, and the
foundation of this review, are the many plants
for which the transition to reproductive growth
is followed by repeated cycles of vegetative
and reproductive growth to generate vines or
bushes that bear flowers and fruits within a
growing season (15). Reiterative flowering is
initiated when florigen levels are high enough
to stimulate flowering in the main apical bud,
whereas newly formed vegetative buds are
transiently inhibited from flowering by local
production of antiflorigenic signals. Produc-
tion of such florigen-counterbalancing signals
is typical of many short-lived perennials and
is represented by crops such as soybean and
tomato (16).
The first description of a balance between

positive and negative flowering signals emerged
from grafting studies in the 1970s on the tomato
relative tobacco by Mikhail Chailakhyan and
Anton Lang (17). Two decades later, the first
antiflorigen molecule was discovered by study-
ing the tomato self-pruning (sp) mutant (18). A
rare natural variant discovered in a farmer’s
field in the 1920s, sp catapulted tomato into
large-scale open-field production, transforming
the agricultural landscape of California’s Cen-
tral Valley (Fig. 2) (19). Aptly named, sp effec-
tively “annualized” tomato by converting the
endless cycling between vegetative and repro-
ductive growth into a new plant form inwhich
successive side shoots flowermore rapidly than
the one before until new growth eventually
ceases (18). In broad terms, the loss of anti-
florigen signals removed inhibition of flori-
gen activity in newly developing side-shoot
buds. The result was a compact shoot system
with a burst of flowering and fruit production
that was immediately recognized for its poten-
tial agronomic value (19, 20).
Mutations in antiflorigen genes underlie a

common syndrome in domestication and crop
improvement that revolutionized agriculture.
The crop list includes multiple legumes, in-
cluding soybean, and extends to strawberries,
sunflower, and nonfood plants such as rose and
cotton (Fig. 2) (21–23). Although phenotypic
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•  Out	of	the	more	than	350.000	plant	species	
that	exist,	less	than	200	are	commercially	
important	and	three	species,	rice,	wheat	and	
maize,	account	for	the	major	part	of	plant	
derived	nutrients	humans	consume.	

•  Traits	of	importance	for	a	sustainable	and	
carbon	neutral	agriculture	already	exist	in	wild	
plants.	

•  Transform	agriculture	by	learning	from	nature.	



New	breeding	techniques	allow	for	
accelerated	domestication	of	new	crops	for	

organic	agriculture	

All	current	crops	are	developed	for	
conventional	agriculture	

	
Plants	that	
•  require	less	input	(water,	nutrients,	chemicals)	
•  are	more	resilient	(drought,	salt	stress,	pests)		
•  grow	in	soil-preserving	perennial	polycultures	
•  give	more	output	than	wild	plants	
•  store	carbon	



Wheat
annual	

Intermediate	
wheatgrass	
Thinopyrum	
intermedium	

perennial	
	
a	potential	
sustainable	
grain	crop	but	
still	not	
domesticated	
	
Perennial	
grasses	need	not	
be	sown	every	
year	and	store	
carbon	in	their	
deep	root	
system	and	take	
up	nutrients	and	
water	more	
efficiently	
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Thank	you	for	your	attention	

Thinopyrum	intermedium	
A	perennial	grain	crop	
awaiting	domestication	


