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What is a quantitative trait ?
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What is a quantitative trait ?
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What is a quantitative trait ?
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New genetic approaches for dissecting quantitative traits

Huang et al., 2022
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Pangenomes are available for many crop species

Huang et al., 2022
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Pangenomes are available for many crop species

Zhou et al., 2022
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Deletion 
Insertion 
Translocation 
Duplication 
Inversion

Structural variants (SVs) in 100 distinct genomes

Presence-absence variants (PAVs) in 46 distinct genomes
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Genes and mutations that explain QTLs in crops

diverse genomic changes underly QTLs
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transposon insertion

in regulatory element

missence mutation

in coding sequence

Mis-splicing mutation 
affects coding sequence

Single Nucleotide 
Polymorphism (SNP)


in regulatory element

deletion

in regulatory element

Translocation

 affects coding sequence

- Natural variants often affect regulatory genes and cis-regulatory elements

- Natural variants have often only weak effects on gene activity

TB1 (TCP transcription factor)

PvTFL1 (transcriptional regulator gene)

SbSH1 (YABBY transcription factor)

ZmSH1 (YABBY transcription factor)

OsSH1 (YABBY transcription factor)

TB1 (TCP transcription factor)

Genes and mutations that explain QTLs in crops



Sebastian Soyk | 25.11.2022

New genetic approaches for dissecting quantitative traits

Huang et al., 2022
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Genome editing using CRISPR-Cas9
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Mapping photoperiodic flowering in tomato
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LB RB
NPTII Cas9 sgRNA1 sgRNA2 L4E

GCAATGCC ACAT TTAC CAGA GGGA

WT   1    2     3    4     5     6     7    8   WT (bp)
500
400

300

cr-sp5g T0

WT CCTAGAGATCCTTTAATAGTTTCTGGAGTTG(47bp)GTTTACAACAATAGGGTGGTCTATAATGGA

a1 CCTAGAGATCCTTTAAT--------------(47bp)---------------------------GGA
a2 CCTAGAGATCCTTTAATAGTTTCTGGAGTTG(47bp)GTTTACAACAATA----------TAATGGA

Target 2Target 1
F

R StopATG

61 bp
SP5G: Solyc05g053850

80 d after transplanting
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Editing photoperiodic flowering in tomato

Soyk et al, 2017
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SP    TCTGTCCAAGTGTTAAGATGTCTGTTGTTTATAACAAC(23)TGAATTCTTTCCTTCCTCAGTAACTTCTAAACCTAGGGTTGAAGTTCATGGTGG
a1    TCTGTCCAAGT--TAAGATGTCTGTTGTTTATAACAAC(23)TGAATTCTTTCCTTCCT-AGTAACTTCTAAACCTAGGGTTGAAGTTCATGGTGG
a2    TCTGTCCAAGTGTTAAGATGTCTGTTGTTTATAACAAC(23)TGAATTCTTTCCTTCCATCAGTAACTTCTAAACCTAGGGTTGAAGTTCATGGTG
a3    TCTGTCCAAGTGGTTAAGATGTCTGTTGTTTATAACAAC(23)TGAATTCTTTCCTTCCATCAGTAACTTCTAAACCTAGGGTTGAAGTTCATGGT

SP5G  TGCCTAGAGATCCTTTAATAGTTTCTGGAGTTGTTGGA(38)TGTGGTTTACAACAATAGGGTGGTCTATAATGGATGTTCCTTGAGGCCTTCACA
a1    TGCCTAGAGATCCTTTAATAGTTTCTGGAGTTGTTGGA(38)TGTGGTTTACAACAATAGGGTGGTCT-----------------------TCACA
a2    TGCCTAGAGATCCTTTAATAGT--CTGGAGTTGTTGGA(38)TGTGGTTTACAACAATAGGGTGGTCTA--ATGGATGTTCCTTGAGGCCTTCACA

Target 2Target 1
F

R StopATG

61 bp
SP5G: Solyc05g053850

Target 2Target 1
F

R StopATG

67 bp
SP: Solyc06g074350

LB RB
NPTII Cas9 sgRNA1 sgRNA2 sgRNA3

GCAATGCC CAGA

sgRNA4 L6E

TGTG GAGC GGGAACAT TTAC

spCR sp5gCR

cherry tomato

(Sweet-100)

tasty fruits 
late flowering & fruit set


large plants (indeterminate)

tasty fruits 
early flowering & fruit set 

compact plants (determinate)

multiplexed genome editing

cherry tomato

(Sweet-100)

genome-edited

Editing photoperiodic flowering in tomato

Soyk et al, 2017
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Engineering quantitative traits by editing gene networks

Huang et al., 2016; Wallace et al., 2018

Genetic architecture for flowering time

and plant height in rice

How can gene networks be rewired ?

- Agronomic traits are often polygenic (controlled by many genes) 
- Engineering single mutations fails to reconstitute full phenotypic effects
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Engineering quantitative traits by editing gene networks

(Lorenzo et al., 2022, https://doi.org/10.1101/2022.05.02.490346)

Network of growth-related 
genes in maize

Multiplexed targeting of 48 genes
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mutant alleles of SFT (sft-7187 and sft-stop) showed significant het-
erosis (Fig. 1b and Online Methods). These results unequivocally link 
sft/+ heterozygosity with heterosis and provide the first example of 
a single overdominant gene for yield. Furthermore, overdominance 
can be achieved by having only a single functional allele of a gene, as 
opposed to a synergistic interaction between two alleles.

Heterosis in agriculture is predominantly based on full-genome 
hybridization between different inbred plants, and the heterotic response 
can vary widely depending on environment and genetic background1. 
The processing-tomato industry seeks varieties with both high total 
fruit yield and high sugar content (Brix value), but total yield is the trait 
that is primarily sought20. We tested the strength and consistency of 
sft/+ overdominance in diverse planting conditions, environments and 
genetic backgrounds. We observed that both sft-4537/+ and sft-7187/+ 
heterozygotes achieved the same yields as a leading commercial tomato 
hybrid (Fig. 1b and Online Methods). Furthermore, despite the typical 

inverse relationship between fruit yield and sugar content21, the Brix 
values increased in sft/+ heterozygotes relative to the M82 tomatoes, 
although the Brix effect was intermediate (additive: d/[a] ratios of 
−0.49; see Online Methods) between M82 and sft mutant plants (Fig. 1c 
and Online Methods), similar to plant weight (Supplementary Fig. 3). 
Furthermore, in seven different field-based experiments, we consistently 
detected significant heterosis in sft/+ heterozygotes (Supplementary 
Table 2). Total fruit yield was significantly (P < 0.05) overdominant in all 
but three instances, which involved either dense spacing or nonirrigated 
conditions, but the yields of sft/+ heterozygotes still exceeded those of 
M82 plants and their sugar production was higher, resulting in heterosis 
for the multiplicative phenotype of Brix-yield. Finally, we also observed 
strong sft/+ overdominance in crosses with two distinct genetic back-
grounds (Fig. 2, Supplementary Table 3 and Online Methods). Thus, 
SFT-dependent heterosis is extremely robust and shows substantial 
potential for broad agricultural application.
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Figure 1 Heterozygosity for loss-of-function mutations in SFT drives heterosis in tomato. (a) Representative plant and total fruit yield from a high-
yielding M82 inbred control plant (left), a low-yielding homozygous loss-of-function mutant allele of SFT (sft-4537, right; Online Methods) and a highly 
heterotic sft-4537/+ heterozygote (middle). All genotypes are isogenic in the M82 background. (b) Statistical comparison of mean values (o s.e.m.) for 
total fruit yields between three independently derived sft/sft homozygous mutants (carrying the sft-4537 weak allele, sft-7187 strong allele and sft-stop 
strong allele, respectively; Online Methods), the inbred M82 control and the F1 sft/+ hybrids of the sft/sft mutants with M82. Total fruit yields from 
all three sft/+ heterozygotes were heterotic over M82 controls, and sft-4537/+ and sft-7187/+ heterozygotes achieved the same yields as AB2, which 
is a leading commercial processing-tomato hybrid. (c) Statistical comparison of mean values (o s.e.m.) for fruit sugar content (Brix value) showing an 
intermediate effect for sft/+ heterozygotes relative to M82 controls (low sugar) and sft/sft homozygotes (high sugar). Lines marked with asterisks are 
significantly different from the M82 control according to the ‘compare with control’ (Dunnett’s) method: *P < 0.05, **P < 0.01. Similar results were 
obtained using multiple comparison analysis (Tukey-Kramer test; **P < 0.05) for total fruit yield, which revealed a significant difference between AB2 
and sft/+ heterozygotes compared to M82 plants and sft/sft homozygotes. For Brix values, all four groups of genotypes were significantly different from 
each other (Tukey-Kramer test; **P < 0.05).

Figure 2 sft/+ heterozygosity causes heterosis 
in distinct genetic backgrounds and growth 
conditions. In the tomato industry, genotypes 
with high yield and Brix value (that is, high 
values of Brix-yield, the multiplied output of 
Brix and total fruit yield measured in g/m2) are 
the most efficient for the production of various 
tomato concentrates. (a) Statistical comparison 
of Brix-yield between sft/+ heterozygotes in the 
background of a full-genome hybrid between 
M82 and the processing-tomato line E6203 (dark 
gray) (Online Methods), the homozygous inbred 
lines M82 and E6203 (white) and the hybrid 
(M82 × E6203) control (light gray). Experiments 
were performed in both wide- and dense-spacing conditions (Online Methods). (b) Statistical comparison of Brix-yield between sft/+ heterozygotes in the 
background of the large-fruited fresh market tomato line M99 (dark gray) (Online Methods), the homozygous inbred lines M82 and M99 (white) and the 
hybrid controls (M82 × M99) (light gray). The mean values (o s.e.m.) for each genotype marked by asterisks reflect a significant difference from the control 
hybrids according to the ‘compare with control’ (Dunnett’s) method: *P < 0.05, **P < 0.01. Similar results were obtained using multiple-range means 
comparison (Tukey-Kramer test; **P < 0.05), which revealed a significant difference between sft/+ heterozygotes and their corresponding controls.
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Fig. 3. Dwarfing mutations of the Green Revolution. (A) Wheat is a 
hexaploid plant, and homeologues of the Reduced height-1 (Rht-1) genes 
encode DELLA proteins that repress GA hormone signaling. Different 
dominant alleles of the Rht-B1 and Rht-D1 homeologues that disrupt 
DELLA protein degradation provide a range of reduced stem lengths and 
plant height, which can further vary with genetic background. The semi-
dwarf Rht-B1b and Rht-D1b alleles (yellow, bold) are now found in the 
majority of wheat varieties. Image courtesy of S. Thomas, (B) Step-
changes in plant stature (white arrows), which are further tuned by genetic 
modifiers (black arrows), were the basis for the Green Revolution. Shown 
is a model of yield that can be harvested under high nutrient field 
conditions (harvestable yield) in relation to plant height. Tall plants that 
were typical prior to the Green Revolution suffered from lodging when 
fertilized, causing a loss of harvestable yield (blue area). Introducing and 
breeding around (black arrows) the semidwarf Rht-B1b and Rht-D1b 
mutant alleles resulted in optimal varieties with reduced lodging and a 
doubling of harvestable yield. 
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Known single mutations with agronomic value have weak or moderate molecular effects 

How can we engineer such mutations?

Engineering quantitative traits by tuning gene activity
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Fig. 4. Generalized scheme for generating targeted variation. Mutations in protein-coding 
sequences provide mostly loss-of-function alleles that are likely to have qualitative phenotypic 
consequences (notwithstanding genetic redundancy). Mutating introns or cis-regulatory regions 
can alter expression, resulting in weaker alleles with a range of quantitative effects. When 
combined with phenotypic screens, desirable alleles can be selected. 

on O
ctober 8, 2019

 
http://science.sciencem

ag.org/
Downloaded from

 

Eshed and Lippman, 2019

Engineering quantitative traits by tuning gene activity
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Engineering quantitative traits by base-editing protein sequences

Li et al, 2020

Proof-of concept: directed evolution of herbicide resistance gene using base editing
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generate one or more new alleles by targeting in trans the WT
promoter introduced from the cross. However, determining
which specific F1 individuals harbor new alleles that result in
phenotypic change can be difficult. A telling example is the
complex rearrangement of the SlCLV3CR-pro1-2 allele, which
had no effect on floral organ number, and thus complemented
and masked the effect of the strong loss-of-function large dele-
tion allele in the original biallelic T0-1 plant (Figure 2I). To simulta-

B
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I

Figure 2. Inducing Mutations in the SlCLV3
Promoter Using CRISPR/Cas9
(A) Model showing how an allelic series of SlCLV3

transcriptional alleles could provide a range of

quantitative effects on floral organ number ac-

cording to a simple linear relationship of reduced

expression resulting in increased phenotypic

severity. WT, fas, and clv3CR are shown as refer-

ence points in this hypothesized continuous

relationship.

(B) Schematic of SlCLV3 promoter targeted by

eight gRNAs (numbered blue arrowheads). Blue

arrows, PCR primers.

(C) PCR showing multiple deletion alleles in four T0
plants. Amplicons were obtained using primers

spanning the entire target region.

(D) Weak and strong effects on flower morphology

and fruit size were observed among T0 lines.

Number of floral organs and locules are indicated.

(E) Quantification of floral organ number (mean ±

SD; n R 10) in T0, WT, fas, and slclv3CR plants.

(F) Sequencing of SlCLV3 promoter alleles for all

T0 plants. Deletions (–) and insertions (+) indicated

by numbers or letters. T0-5 and T0-6 contained only

WT alleles (data not shown). Blue arrowheads,

gRNAs; a, allele.

(G) PCR genotyping of T1 progeny from T0-1 and

T0-2. UBIQUITIN (UBI) served as an internal

control. Absence of amplification for the target

region of SlCLV3 indicated homozygous plants

for hidden alleles in both T0-1 and T0-2.

(H) Genome sequencing of T0-1 and T0-2 offspring

homozygous for non-amplifiable alleles. Vertical

dashed lines show target region. Neighboring

genes, transposable elements, and repeats up-

stream of the target region are shown. See also

Table S2.

(I) Floral organ quantification (mean ± SD; n R 5)

from homozygous plants for each of the four T0-1
and T0-2 alleles. Black arrowheads indicate WT

values. See also Table S3.

Scale bars, 100 mm and 1 cm in (A) 1 cm in (D).

neously maximize allele creation and effi-
ciently identify thosewith phenotypes, we
outcrossed only T0 plants with strong
loss-of-function alleles to produce a
sensitized population of heterozygous
F1 plants. In this way, hundreds of F1
progeny carrying a CRISPR/Cas9 trans-
gene, each also having inherited a stable
loss-of-function allele, could easily be
generated and screened for new loss-

of-function alleles, including those causing subtle phenotypes
that would otherwise be difficult to detect.
To test this approach, we crossed T0-2 to WT and gener-

ated 1,152 F1 plants that were heterozygous for either
SlCLV3CR-pro2-1 or SlCLV3CR-pro2-2 and a WT SlCLV3 promoter
(see STAR Methods). PCR genotyping revealed nearly half of
the population (42%) inherited the CRISPR/Cas9 transgene
(hemizygous Cas9-/+) (Figures 3A and 3B), and phenotyping

4 Cell 171, 1–11, October 5, 2017

Please cite this article in press as: Rodrı́guez-Leal et al., Engineering Quantitative Trait Variation for Crop Improvement by Genome Editing,
Cell (2017), http://dx.doi.org/10.1016/j.cell.2017.08.030

multiplex-targeting 
of the CLV3 promoter

fruit size regulator gene CLV3
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Engineering mutations in regulatory regions allows quantitative changes in gene activity

Engineering quantitative traits by editing cis-regulatory regions
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Genome edits can be challenging to detect

PCR + Gel + Sanger NGS
WT   1    2     3    4     5     6     7    8   WT (bp)

500
400

300

cr-sp5g T0

Advantages

- Low cost (at low sample sizes)

- High accuracy

Disadvantages

- Low throughput

- Mainly for homozygous edits

Advantages

- High throughput

- High accuracy

- Low frequency edits

Disadvantages

- High cost (at low multiplexing level) 

- Computational expertise
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Technical and computational challenges in QTL editing

Editing of cis-regulatory regions 

Editing of gene networks

Editing of protein sequences

- Haplotypes with multiple edits across large regions

- Detection of complex haplotypes (SVs)

- Haplotypes with multiple edits across larger regions

- Effect prediction

- Scalability (multiple targets in many individuals)

- Sensitivity (low frequency edits)
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NGS approaches for analysing genome editing

Long-read 
(Nanopore)

IDM-Seq

Bi et al., 2020, Genome Biol


…

Long-read 
(PacBio)

SMRT-Seq

Hendel et al., 2014, Cell Rep


Karst et al., 2021, Nat Method

…

Short-read 
(Illumina)

HiPlex2

Hammet et al., 2019, Biotech


…
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Computational tools to analysing genome editing events

AmpliCan (Labun et al., 2019, Genome Research)
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Computational tools to analysing genome editing events
CRISPResso (Clement et al., 2019, Nat Biotech)
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Review on methodologies for editing quantitative traits

What approaches are used for editing quantitative traits ?

- Rewiring gene regulatory networks

- Editing of cis-regulatory sequences

- Editing of protein coding sequences


What quantitative approaches allow the detection of genome edits ?

- short read / long read

- amplicon / whole genome

- multiplexing

- detection tools


What are the advantages and disadvantages per methodology ?

- accuracy

- scalability and costs

- limitations (complex mutations, rare edits, etc.)


Where is the field at ?



