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Global climate change challenges modern agriculture and food
security. Intensive selection in crop breeding considerably narrows
genetic diversity for climate adaption (Atherton and Rudich,
1986; Lin et al., 2014). For instance, modern cultivars approxi-
mately account for only about 5% of the total genetic variability
of tomato resources (Atherton and Rudich, 1986). These
challenges raise an urgent need to develop novel strategies to
exploit wild species, a largely untapped source of desirable stress-
resistant traits, to accelerate breeding of climate-smart crops.
Genome editing has shown its power as a rapid and precise
breeding technique, but it is still challengeable to create complex
and polygenic traits underpinned by multiple quantitative loci,
such as stress resistance traits (Gao, 2021). In particular, many
desirable traits are difficult to create by gene editing due to its
inefficient knock-in and knock-up property in plants. Introgres-
sion of stress-tolerance traits from wild relatives into elite cultivars
via genetic crosses can achieve such success. However, the
introgression progress is often slow and labour-consuming due to
multiple hurdles presented by genetic barriers, large growth habit
variations of wild species and labour cost of manual emasculation
in elite cultivars. For example, while tomato seed catalogues are
presently dominated by Fy hybrids, seed production in tomato is
expensive and laborious because it requires manual emasculation
of the seed parent line one-by-one and also its pollination
(Atherton and Rudich, 1986).

Here, we show a ‘two-in-one’ strategy to accelerate breeding
by combining male-sterility production by CRISPR in elite cultivars
with de novo domestication of wild species. Crossing de novo
domesticated wild species into male-sterile elites allows faster
introgression of stress-tolerance trait and selection of new
germplasms because male-sterility reduces labour and time cost
for crosses and de novo domestication save time from rounds of
backcrosses caused by huge differences of growth habits of wild
species. New varieties can be produced by backcrosses using
desirable F, progenies as male and male-sterile elite as female
(Figure 1a).

First, we created male-sterility in a classical inbred line, Ailsa
Craig (AC), which has been grown over 100 years and had served
as a popular part of a traditional English breakfast due to its juicy
and exceptional flavour (Atherton and Rudich, 1986). Unfortu-
nately, it is disease-susceptible and sensitive to abiotic stresses. To
produce specific male-sterility without penalty of plant growth
and yield, we screened the genes specifically involved in early
stages of pollen development by analysing the public organ and
tissue specific transcriptome data (Liu et al., 2018). We selected
the SILAP3 gene that specifically expressed in microspore, a
tomato ortholog of Arabidopsis LESS ADHERENT POLLEN 3 (LAP3)
encoding a strictosidine synthase essential for pollen exine
formation (Figure 1b,c; Dobritsa et al., 2009; Du et al., 2020).
We used CRISPR/Cas9 technique to target SILAP3 and identified
two independent null alleles with identical phenotypes (Fig-
ure 1d). The CR-sllap3 mutant showed completely male-sterile
without setting any fruit and seed at all tested growth conditions,
including greenhouse (Figure 1e-h), open field and vertical farm.
sllap3 plants produced flowers indistinguishable from AC,
including normal morphology of stamen and stigma, but dissec-
tion of the stamen showed aborted pollens that result in the male
sterility (Figure 1f,g). Notably, sllap3 plants exhibited normal
vegetative growth, flowering transition, shoot and inflorescence
architecture (Figure 1h,i). We manually pollinated wild-type
pollens to sllap3 and found fruit-setting was quite well with
higher setting rate than self-pollinated AC plants. The fruit shape
was normal with slightly increased vyield (Figure 1j,k), indicating
the rapid generation of specific sporophytic male-sterility in
tomato.

Second, we selected wild species Solanum pimpinellifolium
(S. pimp) as the introgression donor, an ancestor of modern
tomato with excellent stress tolerance (Lin et al., 2014). A rapid
domestication of major yield traits in S. pimp, including day-
length sensitivity, shoot architecture, flower and fruit production,
can quickly eliminate flowering asynchrony and trait discrepancy
of wild parental lines that often require rounds of backcross in
conventional breeding. We used our CRISPR/Cas9 multiplex-
editing system to simultaneously edit SELF-PRUNING 5G (SP5G,
Solyc05g053850) and SELF PRUNING (SP, Solyc06g074350) to
create day-neutral S. pimp plants with synchronized flowering
and compact shoot architecture (Li et al., 2018). The Cas9-free T,
progenies with SP5G and SP mutations flowered after producing
about eight leaves in contrast to 13-15 leaves in S. pimp,
comparable to AC plants. Simultaneous mutation of SP and SP5G
also converted the indeterminate vine architecture of S. pimp into
determinate growth with early termination of sympodial cycling,

800 © 2022 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0002-9055-7691
https://orcid.org/0000-0002-9055-7691
https://orcid.org/0000-0002-9055-7691
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/

A new strategy boosts crop breeding for stress resistance 801

(a) Elite cultivar Male-sterile line

Male-sterility
Vs

Non-manual -5
masculation

Creating male sterility

. Good,
yield traits

Genome editing

Weak stress

7 \ . tolerance 7 / N
/7 7N Genetic cross of bhckirosess
Wild tomato De novo domesticated
& wild species Segregating varieties for

=, Compact plant multi-cultivation modes

é Excellent stress
-, architecture

tolerance

Optimizing flowering

and plant architecture Day-length A\Y
insensitivity 71\ \\
De novo Synchronized ANAA TA Y
i 1chroniz N4 N
domestication N Tt ripening / (! /\‘ NG /\
Excellent stress i . \ .
F1 hybrid New variety
Solyc03g114540
e Oy £ @ (e)
Solyc03g114560 F\; @) Target 1 298%P Target 2 N
Solyc03g114530 siaps. — o — NS ——
Solyc12g039070 ATS stop y s
10 PAM Target 1 Target 2 PAM ALxslBs 100, *Hailed
0lyc04g040090 E WT  ATCCTCACAT TCCAATTGA (N288) cfGarT 6 <
-Solyc07g055750 g 80-
g, slap3 at MEETeACRATGSAGAAGAGSATCE TIOTACSOTSGRTGSaGeAGGAT -ITEAIT 5"
SILAP3 (Solyc03g053130) +A G 2
Solyc11g071800 AL A f A N £
someqorsn Lol oo g AN B AV o £
Ot T T + T T T 7 S[[ap3 a2 ATCCTCACA------, ATTGA (N288) TTGTAC TearT s
Solyc02g082900 8 & & F & S B S b cereenrereet [
oo olyeo2g J;@‘” é“&;ﬁ'}o\o@?&@w“ﬁ&eﬂ‘&& @ » lﬁ'bp
—_— o & & < \
010 o W

sllap3

) 15 8107 100-
B . 2 8 . _80.
< .
S o I . §
el 26l .+ -  zeo
H sl - 5
< 8,1 a4 2,
25 8 €
8 5 [
3 e 24 20-
o e P i N
4 <
AC sllap3 AC sllap3
N= '8 10 N= 31
(l)mo. e 12007 —320-
= . £ 280-
o 1 Z 20
TY B,
08 Seoo] 200
ég 2 160-
38 £
o 5 120-
= = 400+
= £ -
g 40
pOslzpZ3x R
sliap 10cm
N=24 15 15 N= oo
n) == s """'_"_._‘,_Af;
0 Normal irrigation 5 |r 8o v F2 progeny with sp5g mutation F; progeny with sp mutation F2 progeny with sp sp5g mutation
D3{ ;AD . e 8 J .
Los] 4 | 5 |+ g : Greenhouse Natural field
2 230 : 5 .
20 i z Soof [+ 1 . = -
£ 15] £ 520 &
® ° o .
2104 210 3
% [ 2 — —
54 = 5 o
: 5
ol L= ™9 F S. pimj T e
I E 2 F2 progenies F2 progenies -
Ne e SE L SP SP3G;0 cm N=1515151515  N= 8 § 1211 13
[ ——— —
Inomal =33% NaCl — ) "
(0) ey~ 3% NaCl irrigation ooy 1% gl N
ot oM g -3 B
- = v g ——
§ a0 5% 3"
e 2 2
z 5w S
s | 5 8
2% £ 2
£ 4 ?
5 0 85
& 10 g I H
o o o S - 0. S A0cm
- C 5959 b spsp5g S C 5959 3D 5psp5g S —_—
AC SR8 F ¥ E. rogenies 65 N rogenies 50
N= 444 N-3 58S s N=4 5433

© 2022 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 20, 800-802



802 Yue Xie et al.

Figure 1 A two-in-one breeding strategy promotes rapid utilization of wild species and elite varieties. (a) Schematics illustrating the breeding strategy. (b)
Phylogeny of tomato strictosidine synthase family proteins. (c) Expression atlas of SILAP3. (d) The CRISPR construct for SILAP3 and verified null mutation
alleles. (e) Reciprocal crosses between AC and sllap3 confirming the male sterility. (f) Images showing reproductive organs of AC and sllap3 plants. (g)

Alexander staining (left panel) and confocal imaging (right panel) showing pollen defects of sllap3 plants. (h—k) Images and quantitative data showing shoot
architecture, fruits and seeds from self-pollinated AC, sllap3 and manual-pollinated sllap3 by AC pollens. (1) Representative images showing wild and de
novo domesticated S. pimp with sp sp5g mutations. (m, n) Phenotypes and statistics of F; progeny from cross between sllap3 and S. pimp sp sp5g. (0—p)
Phenotypic comparison and quantification between parental plants and F, progenies upon salt solution irrigation. (q) Representative plants, statistics and
schematics showing F, progenies segregated to fit three different cultivation modes. All data are shown in means =+ s.d. (two-tailed t-test). The P values are

*P < 0.05; **P < 0.01; ***P < 0.001; ns, non-significant difference.

thus, resulting in compact tomato plants with intensive and
almost synchronously ripening fruits (Figure 11).

Third, we crossed de novo domesticated S. pimp lines with
male-sterile AC plants. The F; progenies exhibited typical inter-
mediate phenotypes (Figure 1m,n). We then screened desirable
F, individuals that carry stress-tolerant traits from S. pimp and
yield traits from AC. As the S. pimp accession we de novo
domesticated is salt-tolerant, we first examined if this trait has
been introgressed. We irrigated F, progenies that phenotypically
resemble AC plants with 3% NaCl solution, the salt-stress
treatment optimized for screening S. pimp accessions (Li et al.,
2018). After 1-week irrigation, in contrast to the withering to
death of AC plants, selected F, progenies and S. pimp sp sp5g
parental plants kept growing and flowering, albeit some bottom
leaves showed early senescence (Figure 10,p), suggesting the
stress-tolerant traits had been successfully introduced into AC
only after two generations. Strikingly, three types of plant
architecture, day-neutral (sp5g), determinate (sp) and double-
determinate (sp sp5g) segregated in F, population, which fit three
currently widely used cultivation modes, including protected
cultivation, open fields and vertical farming (Figure 1q).

Together, we devised a "two-in-one’ breeding strategy that
boosts rapid utilization of wild relatives and elite germplasms for
stress-tolerant and multi-scenario cultivation breeding. Advances
of CRISPR technology and de novo domestication will promote
application of ‘two-in-one’ breeding strategy in different major
and orphan crops.
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