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POTATO BREEDING OBJECTIVES

YIELD Tuber number, size, bulking rate, drought resistance, storability
CONFORMITY Tuber shape, regularity and uniformity

GROWTH DEFECTS Gemmation, hollow heart, growth cracks
QUALITY Browning, blackening, sloughing, texture, dry matter and sugars content, 

dormancy 
MECHANICAL DAMAGE Shatter cracks, scuffing, bruising

EYE APPEAL Skin and flesh colour
RESISTANCE Late blight, Viruses (PVX, PVY, PLRV), Cyst nematodes, Common Scab, 

Wart, Skinspot, Powdery Scab, Soft and Dry Rot
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THE NATIONAL POTATO BREEDING PROJECT

• Università Federico II, Portici
• Università Aldo Moro, Bari
• CNR-IGV, Portici
• CNR-ISAFOM, Catania
• CNR-IPP, Bari
• ISCI, Bologna e Salerno
• ISSDP, Firenze
• ENEA, Roma
• ISPAVE, Roma
• Cisa Mario Neri, Imola 
• CRPV, Cesena
• Italpatate
• UNAPA



Tbr x Tbr crosses

THE NATIONAL POTATO BREEDING PROJECT



THE VARIETIES RELEASED
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GERMPLASM RESOURCES
• 104 potato species

- 100 “wild”
- 4 cultivated

• Wide geographic range
• Most are 2n=2x=24
• Cultivated potato = 4x
• Hybridization

- Haploids
- Chromosome doubling
- 2n gametes
- Somatic hybridization

73%

5%

14%

2% 6%

Potato wild species ploidy

2x 3x 4x 5x 6x

Jansky & Spooner 2018



SPECIES UTILIZATION IN BREEDING

- S. demissum: LB, PLRV
- S. acaule: Viruses, nematode, frost
- S. chacoense: Viruses, insects
- S. spegazzinii: Nematodes
- S. stoloniferum: PVY and PVA
- S. vernei: nematodes, high starch

• Additional 9 species: in a few varieties
• Primitive cultivated: adg, stn, phu 9

Carputo & Aversano 2018



Carputo et al., 2013

SEXUAL ISOLATED SPECIESPOTATO GENETIC RESOURCES



Prof. Luigi Frusciante, 
12 January, 1984
Madison, WI (USA)

Emeritus Campbell-Bascom 
Professor Stanley J. Peloquin 
(1921 – 2008)

THE INTROGRESSION BREEDING

Prof. Luigi Monti and Prof. Luigi Frusciante, 1980, Portici 



2n GAMETES

Conicella et al., 2003



2n GAMETES



4x - S. tuberosum

Wild species - 2x 

New clones 4x

2x - S. tuberosum

Hybrid - 2x

selection

2n gametes

BREEDING AT DIPLOID LEVEL

S. tuberosum - 4x

x

x

Carputo et al. 2003



BREEDING VIA PLOIDY MANIPULATION

3x cmm/tbr S. tuberosum - 4x

5x cmm/tbr

4x cmm/tbr

x

x

x

2n gametes

4x - S. tuberosum

2x - S. tuberosum

Wild spp - 2x

Wild spp - 4x

selection

S. tuberosum - 4x

Carputo et al. 1997



BREEDING AT POLYPLOID LEVEL

Species NAC (°C)* AC (-°C)**
S.  commersonii - 6.4 - 10.2
S. tuberosum - 2.3 - 3.1
S. acaule - 4.0 - 4.3
S. bulbocastanum - 2.3 - 3.0
S. canasense - 2.0 - 2.4
S. cardiophyllum - 1.8 - 2.2
S. chacoense - 1.9 - 3.3
S. etuberosum - 3.0 - 5.0
S. fendleri - 1.8 - 2.4
S. multidissectum - 2.7 - 4.4
S. phureja - 2.6 - 3.2
S. stoloniferum - 2.2 - 2.4
S. tarijense - 1.1 - 2.2
* NAC: non-acclimated
**AC: acclimated

Species NAC (°C)* AC (-°C)**
S.  commersonii - 6.4 - 10.2
S. tuberosum - 2.3 - 3.1
S. acaule - 4.0 - 4.3
S. bulbocastanum - 2.3 - 3.0
S. canasense - 2.0 - 2.4
S. cardiophyllum - 1.8 - 2.2
S. chacoense - 1.9 - 3.3
S. etuberosum - 3.0 - 5.0
S. fendleri - 1.8 - 2.4
S. multidissectum - 2.7 - 4.4
S. phureja - 2.6 - 3.2
S. stoloniferum - 2.2 - 2.4
S. tarijense - 1.1 - 2.2
* NAC: non-acclimated
**AC: acclimated

1h @ -4°C 

S. commersonii S. tuberosum

COLD

EARLY BLIGHT

VERTICILLIUM WILT

BACTERIAL WILT

BLACKLEG

PVY

SOFT ROT

RING ROT





THE SOMATIC FUSION
Solanum commersonii (+) S. tuberosum haploids



THE SOMATIC FUSION
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GENOMES REVEALED

Aversano et al. 2016The potato genome consortium 2011



Osnato et al., 2022

IDENTIFICATION OF GENES INVOLVED IN TUBERIZATION

fpls-12-805635 February 4, 2022 Time: 15:53 # 11

Osnato et al. Flowering Time Genes Beyond Flowering

FIGURE 2 | Regulatory mechanism underlying tuber formation in potato.
Right, components of the genetic pathway controlling tuberization. The
tuberigen StSP6 is indirectly activated by StCDF1 and repressed by StCOL1
through StSP5G.

abundance at midday, truncated proteins accumulate constantly
during the day (Kloosterman et al., 2013).

Recent studies demonstrated that StCDF1 represses CO-like
genes by directly binding DOF consensus sequence in their
promoter regions (Ramírez Gonzales et al., 2021). Therefore,
StCDF1 promotes tuber formation by indirectly suppressing
the tuber repressor StSP5G (via StCOL1/2) and activating the
tuber inducer StSP6A (Figure 2). Indeed, transgenic plants
overexpressing StCDF1 show strong upregulation of SP6A and
downregulation of StSP5G and StCOL1 (Kloosterman et al.,
2013). Interestingly, overexpression of shorter StCDF1 variants
in Andigena potato does not a�ect flowering but accelerates
tuberization under LD and senescence, leading to a shorter life
cycle (Kloosterman et al., 2013).

A Genome-Wide Association Study (GWAS) carried out on
a pool of 83 potato cultivars reinforced the correlation between
polymorphisms at StCDF1 locus and maturity phenotype
(Kloosterman et al., 2013). Likewise, the analysis of several
StCDF1 haplotypes confirmed that most modern LD-adapted
varieties carry defective StCDF1 alleles encoding shortened forms
that escape degradation by the proteasomemediated by circadian
clock proteins (Hardigan et al., 2017). This diurnal deregulation
results in increased stability of StCDF1 protein, which leads to
constitutive repression of StSP5A and accumulation of StSP6A
under LDs. Thus, naturally occurring structural variants of
StCDF1 account for the adaptation of potato varieties to higher
latitudes characterized by LD summer and SD winter.

Besides components of the photoperiodic pathway,
gibberellins also have a role in the formation of tubers.
Treatments with exogenous GA promote stolon elongation but
inhibit tuberization (Kumar and Wareing, 1974; Xu et al., 1998).
Conversely, application of a GA biosynthesis inhibitor allows
tuberization in non-inducing LDs (Jackson and Prat, 1996).
More recently, several GA metabolism genes have been shown
to be involved in di�erent stages of the tuberization process

(Xu et al., 1998; Jackson et al., 2000; Kloosterman et al., 2007;
Bou-Torrent et al., 2011).

Phytochromes are also involved in the photoperiodic control
of tuberization. Among the five phytochrome genes identified
in the potato genome, StPHYB and StPHYF play the most
prominent role in the inhibition of tuberization in response
to LDs (Jackson and Prat, 1996; Jackson et al., 1998; Zhou
et al., 2019). In fact, silencing of StPHYB or StPHYF caused
tuberization in LD in a graft-transmissible manner (Jackson
and Prat, 1996; Jackson et al., 1998; Zhou et al., 2019).
StPHYB and StPHYF might interact to form heterodimer and
stabilize the StCOL1 protein (Abelenda et al., 2016; Zhou et al.,
2019).

The homeodomain protein StBEL5 is another crucial
transcription factor involved in the regulation of tuber
formation: StBEL5 overexpression promotes tuberization
under LDs (Banerjee et al., 2007), whereas StBEL5 silencing
reduces tuberization (Sharma et al., 2016). Although StBEL5
expression itself does not seem to be a�ected by photoperiod
(Chatterjee et al., 2007), SDs result in increased StBEL5 transcript
levels and facilitated movement of its mRNA from leaves to
stolons (Lin et al., 2013), where it is translated and functional
(Banerjee et al., 2007, 2009).

Last, microRNAs miR156 and miR172 are also involved in
tuberization. Overexpression of miR156 reduces normal below-
ground tuberization but leads to aerial tuber formation in
potato (Bhogale et al., 2014) and even in non-tuberizing tomato
(Eviatar-Ribak et al., 2013).

Overexpression of miR172 in Andigena potato promotes
tuberization in LDs, likely through downregulation of an AP2-
like gene and upregulation of StBEL5 (Martín et al., 2009).

Both these tuberization phenotypes caused by overexpression
of microRNAs are graft-transmissible (Martín et al., 2009;
Bhogale et al., 2014), showing that they could also be part of
mobile tuberization signal together with StSP6A.

Flowering Versus Runner Formation in
Strawberry
In strawberry, axillary meristems have three possible destinies:
they can remain dormant or develop into either a crown
branch (a new leaf rosette which may eventually produce
an inflorescence) or a runner, horizontal elongated stem that
grows above the ground (Darrow, 1966). This means that for
a particular axillary meristem, flowering and runnering are
mutually exclusive (Hytönen et al., 2009; Mouhu et al., 2013).

In general, conditions that promote flowering decrease the
number of runners, and many strawberry cultivars develop
runners under LDs when flowering is not induced (Hartmann,
1947; Konsin et al., 2001; Hytönen et al., 2004).

Strawberry varieties can be classified in two groups depending
on their photoperiodic behavior: most are seasonal SD-flowering
plants that readily produce runners in LDs, while others
are ever-flowering plants that develop reproductive structures
preferentially under LDs but produce very few runners or are
completely runnerless (Darrow andWaldo, 1934; Nishiyama and
Kanahama, 2002; Mouhu et al., 2009).

Frontiers in Plant Science | www.frontiersin.org 11 February 2022 | Volume 12 | Article 805635



POTATO TUBERIZATION IS SUPPRESED AT HIGH T.

Park et al., 2022



Pojer et al. 2013 PMID: 33412667

POTATO: A RICH SOURCE OF ANTHOCYANIN MOLECULES



THE ANTOCHYANIN ACTIVATION COMPLEX GENES IN POTATO
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D’Amelia et al., Plant Journal 2014

THE ANTOCHYANIN ACTIVATION COMPLEX GENES IN POTATO
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Anthocyanins reduce 
stress-related effects



BLUE CELLS STOP TO PRODUCE ANTHOCYANINS IN VITRO

100 bp
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Metabolic Engineering of Potato Carotenoid Content
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the United Kingdom. The stored seeds will be 

available to potato breeders worldwide.

THE HARDEST PART comes next: getting desir-

able genes from wild species into cultivated 

potatoes. In the past, breeders acquired traits 

such as disease resistance from a dozen wild 

species. Those victories were hard-won, some 

taking decades to achieve. That’s largely 

because wild relatives also carry many un-

wanted traits, which combine with those of 

cultivated potatoes and vastly lower a breed-

er’s chances of finding a good variety.

Even without wild species, potato breed-

ing is a crapshoot. Because breeding lines 

have four copies of their 12 chromosomes, 

the traits of the two parents show up in the 

next generation in largely unpredictable 

combinations. As experts say, the current 

varieties don’t breed true, which is why 

farmers plant bits of “seed tuber,” which 

yield genetically identical plants, rather 

than seeds. Compounding the head-

ache, breeders select for many traits 

at once, further lowering the probabil-

ity of finding a winner. “The numbers 

get really hard, really fast,” says Laura 

Shannon, a potato breeder at the Uni-

versity of Minnesota in St. Paul.

Genetic markers linked to specific 

genes have sped up the process. To 

find out whether seedlings have in-

herited a trait such as disease resis-

tance, breeders can quickly test for the 

marker rather than wait for the plants 

to mature and then expose them to the 

disease. Even with this tool, a potato 

breeder must screen up to 100,000 off-

spring per year. It can take 15 years or 

longer to find one with the right traits, 

fully test it, and generate enough seed 

tubers to distribute to farmers.

Another frustration is that potato 

breeders can’t easily improve existing variet-

ies. Once a potato variety is established, in-

troducing new traits while retaining all of its 

favored characteristics is practically impos-

sible. That’s why classic, widely grown variet-

ies, such as the russet burbank, still dominate 

the market many decades after their debuts.

Patient breeders using traditional meth-

ods can nevertheless achieve impressive re-

sults. In 2017, for example, CIP released four 

new varieties in Kenya, the result of crosses 

from established breeding lines. In field tri-

als, the new potato plants maintained yields 

with 20% less rainfall and temperatures 

higher by 3°C.

Such success shows there is still genetic di-

versity to be tapped in existing breeding lines. 

But researchers fear that gene pool may not 

be deep enough to adapt the potato to future 

climates or enable other improvements. Wild 

potatoes, however, hold valuable, untapped 

genetic diversity. One trait from those wild 

plants, Mendes says, “could save our life.”

THE SEARCH for vital traits is already under-

way. Last year, at an EMBRAPA research 

station near Pelotas, technicians in lab 

coats leaned over the wild species Heiden 

had collected. They gently daubed their 

faintly purple flowers with yellow powder 

from a plastic tube, fertilizing them with pol-

len from domesticated potatoes.

In a nearby greenhouse, tables were lined 

with the offspring of previous crosses. Re-

searchers have evaluated thousands of those 

seedlings for health and yield, among other 

traits. They screened older plants for drought 

resistance by limiting the water in plastic-

lined troughs. In a temperature-controlled 

walk-in chamber, researchers tested the abil-

ity of other plants to withstand heat; the yel-

lowed plants appeared to be sweltering.

Such expansive testing is aimed at mov-

ing wild genes into traditional breeding 

programs as quickly as possible. It’s part of 

EMBRAPA’s larger effort to help Brazil ex-

pand production of potato, the country’s 

most important vegetable crop.

In Lima, the Crop Trust has funded CIP to 

test wild varieties for promising traits even 

before any breeding begins. In 2013, center 

researchers started to characterize 12 wild 

species collected 30 years ago. Records sug-

gested those species might tolerate drought 

and resist diseases such as bacterial wilt, a 

serious problem for developing countries. 

Merideth Bonierbale and colleagues planted 

seeds and have tested the plants in green-

houses at CIP’s main facility. Mendes is now 

expanding the work to Kenya.

Other researchers are skirting the limita-

tions of traditional breeding by using ge-

netic engineering. CIP’s Marc Ghislain and 

colleagues, for example, have directly added 

genes to already successful potato variet-

ies without altering the plants in any other 

way—an approach not possible with tradi-

tional breeding. They took three genes for 

resistance to late blight from wild relatives 

and added them to varieties of potato popu-

lar in East Africa. The engineered varieties 

have proved successful in 3 years of field tests 

in Uganda and are undergoing final studies 

for regulators. Transgenic potatoes that resist 

late blight have already been commercialized 

in the United States and Canada.

Biotech approaches have their own limits. 

They have succeeded with traits controlled by 

single genes, such as disease resistance and 

tolerance of bruising. But improving complex 

physiological traits governed by many genes, 

such as water-use efficiency, requires tradi-

tional breeding, however cumbersome.

IN WAGENINGEN, Pim Lindhout has been plot-

ting a revolution that would do away with 

much of that tedium and complexity. 

As head of R&D for Solynta, a startup 

company founded in 2006, he and his 

colleagues have been developing a 

new way to breed potatoes: creating 

hybrid offspring from true-breeding 

parent lines. “Everyone was convinced 

it’s impossible,” he says. “Many people 

thought I was crazy.”

Hybrid breeding revolutionized 

maize production in the 20th cen-

tury. It enabled breeders to quickly 

create high-yielding varieties that 

have what’s known as hybrid vigor. 

The first step is to make inbred par-

ent lines, which have identical al-

leles on all chromosome copies; the 

offspring of those true-breeding par-

ents then inherit a predictable set of 

traits. Making the inbred lines re-

quires repeated self-pollination over 

many generations. That process tends to 

impair the health of the plants, but when 

breeders cross two inbred lines, the first-

generation offspring are healthy and have 

beneficial traits from both parents.

Potato breeders doubted the approach was 

possible for tubers. “I was trained to believe 

that potatoes can’t be inbred,” says Shelley 

Jansky, a potato breeder with the U.S. De-

partment of Agriculture in Madison. One big 

obstacle is that many potato species cannot 

fertilize themselves. In 1998, researchers dis-

covered a gene that somehow allows one wild 

species of potato to self-fertilize. When that 

gene is bred into other species, it lets them 

self-fertilize as well. But the resulting plants 

are frail and produce puny tubers.

The next step is to inbreed those weak-

lings by self-fertilizing them, generation after 

generation. Don’t bother trying it at home: 

Success with cultivated potatoes would likely 

Growing appetite
Potato production has grown in Asia, particularly in China and India, 
while falling in Europe.
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UPDATING A STAPLE FOOD

can improve ‘‘genomic prediction’’ ap-
proaches.10

Identifying deleterious variants in the
diploid potato germplasm will inform the
development of inbred-hybrid lines.
Mutational load is expected to be one of
the major hurdles to establishing elite
inbred lines in potato. Once identified,
large-effect deleterious variants can be
avoided.4 Work such as that by Wu
et al.5 will aid researchers and breeders
in developing strategies to minimize fixed
load in breeding populations.

Wu et al.5 make recommendations
regarding the zygosity of deleterious vari-
ants when choosing starting material for
inbred lines. The authors show that lower
heterozygous load, even at the expense
of homozygous load,maybeabetter start-
ing point for inbreeding. When thinking
about establishing breeding ‘‘popula-
tions,’’ it is also important to consider the
difference between fixed and segregating
load. Removing fixed load from breeding
populations is extremely difficult and re-
quires the use of introgression (or poten-
tially genome editing). Segregating load
can be reduced by identification of prog-
eny with less load than their parents.
Even deleterious variants in repulsion
phase can be removed if a sufficient num-

ber of individuals are generated, though,
as the authors point out, this is more diffi-
cult. By intentionally selecting materials
that minimize fixed load while simulta-
neously minimizing heterozygous load
within individuals, breeders can select in-
dividuals that can easily be inbred and
establish populations with greater poten-
tial to remove segregating load. There is
an inherent trade-off between short-term
efficiency in inbreeding and long-term,
stable improvements in agronomic perfor-
mance. While Wu et al.5 clearly demon-
strate that inbreeding efficiency is
improved when using individuals with
lower heterozygous load, it is important
to remember that inbreeding in andof itself
is not the end goal.
One strategy under consideration for

tackling deleterious variation in diploid
potatoes is the development of heterotic
groups. The utility of heterotic groups de-
pends on complementation of deleterious
alleles, with more distinct sets of delete-
rious alleles increasing the potential bene-
fits of heterotic groups.11 A deeper under-
standing of the distribution of fixed and
segregating load in specific breeding
populations could facilitate the establish-
ment of heterotic groups that maximize
fixed load within heterotic group while

minimizing segregating load between
groups. This would result in many reces-
sive deleterious variants masked in hybrid
progeny. However, heterotic groups will
not compensate for the need for popula-
tion improvement. Ne within heterotic
groups must be sufficient for effective
recombination to occur.
An important component of all variants

are their fitness and dominance effects.
The distribution of fitness effects is notori-
ously hard to characterize. Wu et al.5

perform an analysis of the dominance co-
efficients of their predicted deleterious
variants. Dominance is clearly an impor-
tant component to heterosis; heterosis
only exists because of directional domi-
nance. However, dominance coefficients
are not the full story. More research is
needed to understand the phenotypic
cost of individual deleterious variants to
maximize breeding progress.
Wu et al.5 help identify a future where

intensive plant breeding efforts are
informed by an understanding of the na-
ture and effect of variants present in
breeding lines.
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Figure 1. Tetraploid potato in the United States has made little to no genetic gain for yield
due to the complexity of the genome
(A) Yield data (in tonnes/hectare) from 23 major US cultivars released between the late 19th and 20th
centuries grown in a common field in 1990–1992 in the Montcalm Research Farm, Entrican, MI.1 No
significant increase in yield was observed through the !100 years of breeding, with the highest yielding
cultivar released before 1900.
(B) A comparison of the expectations from crosses in inbred diploid and autotetraploid potato. Here, skin
color is fixed in diploid potato while it continues to segregate in tetraploid populations, even after hundreds
of years of breeding. This slows breeding progress for other important traits in tetraploids.
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can improve ‘‘genomic prediction’’ ap-
proaches.10

Identifying deleterious variants in the
diploid potato germplasm will inform the
development of inbred-hybrid lines.
Mutational load is expected to be one of
the major hurdles to establishing elite
inbred lines in potato. Once identified,
large-effect deleterious variants can be
avoided.4 Work such as that by Wu
et al.5 will aid researchers and breeders
in developing strategies to minimize fixed
load in breeding populations.

Wu et al.5 make recommendations
regarding the zygosity of deleterious vari-
ants when choosing starting material for
inbred lines. The authors show that lower
heterozygous load, even at the expense
of homozygous load,maybeabetter start-
ing point for inbreeding. When thinking
about establishing breeding ‘‘popula-
tions,’’ it is also important to consider the
difference between fixed and segregating
load. Removing fixed load from breeding
populations is extremely difficult and re-
quires the use of introgression (or poten-
tially genome editing). Segregating load
can be reduced by identification of prog-
eny with less load than their parents.
Even deleterious variants in repulsion
phase can be removed if a sufficient num-

ber of individuals are generated, though,
as the authors point out, this is more diffi-
cult. By intentionally selecting materials
that minimize fixed load while simulta-
neously minimizing heterozygous load
within individuals, breeders can select in-
dividuals that can easily be inbred and
establish populations with greater poten-
tial to remove segregating load. There is
an inherent trade-off between short-term
efficiency in inbreeding and long-term,
stable improvements in agronomic perfor-
mance. While Wu et al.5 clearly demon-
strate that inbreeding efficiency is
improved when using individuals with
lower heterozygous load, it is important
to remember that inbreeding in andof itself
is not the end goal.
One strategy under consideration for

tackling deleterious variation in diploid
potatoes is the development of heterotic
groups. The utility of heterotic groups de-
pends on complementation of deleterious
alleles, with more distinct sets of delete-
rious alleles increasing the potential bene-
fits of heterotic groups.11 A deeper under-
standing of the distribution of fixed and
segregating load in specific breeding
populations could facilitate the establish-
ment of heterotic groups that maximize
fixed load within heterotic group while

minimizing segregating load between
groups. This would result in many reces-
sive deleterious variants masked in hybrid
progeny. However, heterotic groups will
not compensate for the need for popula-
tion improvement. Ne within heterotic
groups must be sufficient for effective
recombination to occur.
An important component of all variants

are their fitness and dominance effects.
The distribution of fitness effects is notori-
ously hard to characterize. Wu et al.5

perform an analysis of the dominance co-
efficients of their predicted deleterious
variants. Dominance is clearly an impor-
tant component to heterosis; heterosis
only exists because of directional domi-
nance. However, dominance coefficients
are not the full story. More research is
needed to understand the phenotypic
cost of individual deleterious variants to
maximize breeding progress.
Wu et al.5 help identify a future where

intensive plant breeding efforts are
informed by an understanding of the na-
ture and effect of variants present in
breeding lines.
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Figure 1. Tetraploid potato in the United States has made little to no genetic gain for yield
due to the complexity of the genome
(A) Yield data (in tonnes/hectare) from 23 major US cultivars released between the late 19th and 20th
centuries grown in a common field in 1990–1992 in the Montcalm Research Farm, Entrican, MI.1 No
significant increase in yield was observed through the !100 years of breeding, with the highest yielding
cultivar released before 1900.
(B) A comparison of the expectations from crosses in inbred diploid and autotetraploid potato. Here, skin
color is fixed in diploid potato while it continues to segregate in tetraploid populations, even after hundreds
of years of breeding. This slows breeding progress for other important traits in tetraploids.

2 Cell Genomics 3, 100343, June 14, 2023

ll
OPEN ACCESS Preview

Agha et al., Cell Genomics 2023Stokstad, Science 2019



COMPLEX POTATO GENETICS
POLYPLOIDY HETEROZYGOSITY DELETERIOUS MUTATIONS

BREEDING TIME GENETIC BOTTLENECKS

Cultivated potatoes are tetraploid, complicating genetic
studies and breeding due to multiple sets of chromosomes, 
which obscure the inheritance of traits.

High levels of heterozygosity in potato make it difficult to 
achieve stable inbred lines necessary for hybrid breeding.

Many harmful mutations (*) are masked in heterozygous
states but become problematic during inbreeding, reducing
plant fitness and yield.

Developing improved varieties is slow due to the long 
generation time and the need for extensive testing to ensure
desirable traits like disease resistance and yield stability.

Historical reliance on a narrow genetic base has reduced
diversity, making crops more susceptible to diseases and 
environmental stresses.
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CLONAL PROPAGATION

Potatoes are typically propagated clonally, which leads to the 
accumulation of deleterious mutations and limits genetic
diversity.
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in terms of the population size 
and duration (Figure 2). How-
ever, genes that influence 
desirable phenotypes expe-
rienced a more drastic loss 
of diversity because plants 
carrying favored alleles con-
tributed the most progeny to 
each subsequent generation 
and other alleles were elimi-
nated from the population 
(Wright et al., 2005).

One unknown in the domes-
tication process is the extent 
to which new mutations 
versus preexisting genetic 
variation in the wild species 
contributed to the evolution 
of crop phenotypes. In a few 
cases, crops possess alleles 
of major genes that disrupt seed shattering (Li et al., 
2006) or the protective casing surrounding the seed 
(Wang et al., 2005) that are not found in the progeni-
tor species. However, alleles of genes that contribute 
to increased fruit size in tomato (Nesbitt and Tanksley, 
2002) or increased apical dominance in maize (Clark et 
al., 2004) are also found in their wild or feral relatives, 
although at lower frequencies. Given the large store of 
genetic variation in the progenitor species, it seems 
most reasonable that domestication largely involved 
filtering out the best alleles from standing allelic varia-
tion in crop ancestors, although new mutations in key 
developmental pathways may have been instrumental 
for some traits.

Crop Origins and Diversification
More than a half dozen different independent centers of 
domestication have been identified to date (Figure 3). 
These centers comprise a promising comparative set of 
developmental trajectories in that they differ markedly 
in a number of important respects: their geographical 
size, the number and diversity of each region’s locally 
domesticated species and their relative potential as 
food sources (both individually and as overall inte-
grated food production systems), and how quickly 
each region’s emerging domesticate-based economies 
initially developed and subsequently expanded into 
adjacent regions (Smith, 1998; Piperno and Pearsall, 
1998). The Fertile Crescent region of the Near East, for 
example, witnessed the domestication of a remarkable 
set of plant and animal species that were formed rela-
tively quickly into a powerful and expansive agricultural 
economy (e.g., goat, sheep, pig, cattle, einkorn and 
emmer wheat, barley, and lentils). In comparison, no 
animals were brought under domestication in eastern 
North America, and of the four plants that were domes-
ticated, only summer squash and sunflower survived as 
domesticates into the 1800s.

Regional scale comparative 
analysis of agricultural origins 
is of course not restricted to 
the identified independent 
centers of domestication. Over 
the past 10,000 years most 
other areas of the world have 
also witnessed the transition to 
food production economies, as 
introduced domesticates were 
selectively recombined and 
integrated with local plants, 
resulting in a rich worldwide 
mosaic of agricultural sys-
tems. Aided by a range of new 
techniques and approaches, 
archaeologists and geneticists 
are documenting this long and 
complex process of agricultural 
expansion and the associated 

temporal and geographical patterns of crop diffusion in an 
increasing number of world regions (Harris, 1996).

Tracing the Origins of Crops
Over the past 20 years, there has been a concerted effort 
on the part of archaeologists and geneticists to answer 
a variety of questions regarding the histories of indi-
vidual domesticated species, the basic building blocks 
of the agricultural transition (Smith, 2001; Zeder et al., 
2006). What wild species and populations were ances-
tral to specific crops? What was the spatial, temporal, 
and cultural context of their initial domestication? What 
phenotypic changes occurred during domestication in 
the archaeological record and at what rate? The multi-
disciplinary, archaeological-genetic approach to these 
questions has proven remarkably informative, especially 
for crops like maize and wheat.

Maize (Zea mays ssp. mays) provides perhaps the 
best example of how parallel genetic and archaeologi-
cal research can be combined to provide a reasonably 
detailed and comprehensive account of a species’ initial 
domestication and subsequent dispersal. Genetic anal-
ysis has identified populations of the wild grass teos-
inte growing in the central Balsas river valley of southern 
Mexico as the closest modern relative of maize, indicat-
ing that this general region is a candidate for the loca-
tion of the initial domestication of maize (Matsuoka et al., 
2002). The oldest archaeological maize ears come from 
Guilá Naquitz Cave in the valley of Oaxaca, located only 
about 400 km northeast of the Balsas River, where two 
small cobs have been found dating to about 6300 BP 
(before present) (Piperno and Flannery, 2001).

Ongoing analyses continue to document changes in 
the morphology of maize and the development of region-
ally distinct land races. This work has shown that the 
full suite of morphological traits defining domesticated 
maize were already present in the 6300 year-old maize 
of Guilá Naquitz (Benz, 2001). At the same time, ancient 

Figure 2. The Effects of the Domestication Bottleneck 
on Genetic Diversity
(Left) Population bottlenecks are a common important demo-
graphic event during domestication. Genetic diversity is rep-
resented by shaded balls; the bottleneck reduces diversity in 
neutral genes, as shown by the loss of the orange and blue 
variants. 
(Right) Selection decreases diversity beyond that caused by 
the bottleneck, as shown by the loss of all but one genetic 
variant in the domesticated species. Note, however, that an 
exceptionally strong domestication bottleneck could leave lit-
tle variation in neutral genes. In that case, it may be very dif-
ficult to distinguish selected from neutral loci.
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potatoes from seed, as is done with ce-
reals. This shift would greatly alter the
timing of planting and the logistics of po-
tato agriculture but offers many advan-
tages: seeds are several orders of magni-
tude smaller and much less likely to
harbor yield-reducing viruses (Stokstad,
2019). Growing potatoes from seed
opens up new possibilities for the farmer,
with a planting schedule that might
resemble that of the closely related
tomato.

Zhang et al.’s approach complements
and contrasts with previous genome
design efforts defined by an emphasis on
assembling microbial genomes with DNA
synthesis. At present, total synthesis of a
plant genome is not feasible, and syn-
thetic biology has focused on other
methods of genome design such as
genome editing with CRISPR-Cas9 (Lem-
monet al., 2018). Zhanget al.’smethod re-
quires no direct biochemical modification
of the genome, but it nonetheless results

in massive, rationally chosen alterations
to the genome and phenotype. Despite a
lack of synthesis and DNA assembly or
CRISPR-based modification of genome
sequence, this approach might also be
straightforwardly described as genome
design. Furthermore, the resulting plants
are neither transgenic nor gene edited,
simplifying commercialization of the re-
sulting crops. It remains to be seen
whether classifying their approach as
genome design will be widely accepted,
but it is certainly the case that Zhang
et al. succeeded in making massive, tar-
geted alterations to the potato genome
and phenotype. Whether their work revo-
lutionizes potato agronomic practices or
simply accelerates breeding, these are
advances we can all root for.
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Figure 1. The genetic history of potatoes
(Top) Genetic history of cereal crops.
(Bottom) Genetic history of potatoes. Red X indicates deleterious allele, flower indicates sexual reproduction, and leaf indicates clonal reproduction.
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SUMMARY

Reinventing potato from a clonally propagated tetraploid into a seed-propagated diploid, hybrid potato, is an
important innovation in agriculture. Due to deleterious mutations, it has remained a challenge to develop
highly homozygous inbred lines, a prerequisite to breed hybrid potato. Here, we employed genome design
to develop a generation of pure and fertile potato lines and thereby the uniform, vigorous F1s. The metrics
we applied in genome design included the percentage of genome homozygosity and the number of delete-
riousmutations in the starting material, the number of segregation distortions in the S1 population, the haplo-
type information to infer the break of tight linkage between beneficial and deleterious alleles, and the genome
complementarity of the parental lines. This study transforms potato breeding from a slow, non-accumulative
mode into a fast-iterative one, thereby potentiating a broad spectrum of benefits to farmers and consumers.

INTRODUCTION

The most important tuber crop, potato (Solanum tuberosum L.),
is a staple food for some 1.3 billion people worldwide (Stokstad,
2019). However, compared with other major crops, the genetic
gains in potato have been small. The complexity of tetrasomic in-
heritance is the key factor hampering the genetic improvement of
cultivated potato. For example, the 119-year-old Russet Bur-
bank is still the foremost processing cultivar, despite it being
susceptible to many major diseases (Bethke et al., 2014). Clonal
propagation is another constraint for the potato industry,
involving ~10% of the total production costs, and bears a very
significant carbon footprint for tuber production associated
with pest control, storage, and shipment to farmers.
To address these problems, several groups began efforts to

re-invent potato into an inbred-line-based diploid crop, propa-
gated by seeds (Jansky et al., 2016; Li et al., 2013; Lindhout
et al., 2011). Actually, ~70% of the natural potato germplasm,
including wild species and landraces, are diploid (Spooner
et al., 2014), the extensive diversity of which has yet to be ex-
ploited. Sophisticated genetic populations, such as recombinant
inbred lines (RILs), introgression lines (ILs), multi-parent
advanced generation intercrosses populations (MAGICs), and
nested association mapping populations (NAMs), can be devel-
oped using inbred lines of various lineages to facilitate trait gene
discovery. Breeding with inbred lines is a fast and iterative
process, using backcrossing to incorporate one or few beneficial
alleles once in a generation, a process not amenable with auto-
tetraploid breeding, which is essentially non-accumulative.
Therefore, reinventing potato into a seed crop, hybrid potato,

would lead to a ‘‘green revolution’’ in the potato industry, with
immense benefits for consumers.
The concept of hybrid potato breeding is not new (Alme-

kinders et al., 2009), but it was long considered to be impractical.
To make a hybrid of sufficient heterosis and uniformity, the two
parental lines require high genome homozygosity, adequate
vigor and fertility, and a reasonable degree of genetic diver-
gence. In this regard, there are two major obstacles to be over-
come. The first obstacle lies in the fact that most diploid lines are
self-incompatible. A pioneer work here was the discovery and
introgression of the S-locus inhibitor (Sli) gene, from the wild
species S. chacoense, a dominant locus that renders self-
compatibility in diploid potato, making selfing possible (Hosaka
and Hanneman, 1998). Alternative solutions include using
genome editing to knock out theS-RNase gene, amajor determi-
nant of self-incompatibility (Enciso-Rodriguez et al., 2019; Ye
et al., 2018), and searching for natural mutants of S-RNase
(Zhang et al., 2019). More difficult to solve is the second
obstacle, inbreeding depression, mainly caused by deleterious
recessive alleles, whose detrimental effects would be exposed
through selfing (Charlesworth andWillis, 2009). Thus, elimination
of deleterious mutations is crucial for development of pure
inbred lines.
However, even in a self-compatible diploid clone, purging of

deleterious mutations, to obtain a highly homozygous inbred
line, is not as straightforward as expected. After the initial suc-
cessful conceptual test of hybrid potato breeding, by re-
searchers at the Solynta Company and Wageningen Univer-
sity (Lindhout et al., 2011), over the ensuing decade of
selfing and selection, the homozygosity of inbred lines
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Reinventing potato from a clonally propagated tetraploid into a seed-propagated diploid, hybrid potato, is an
important innovation in agriculture. Due to deleterious mutations, it has remained a challenge to develop
highly homozygous inbred lines, a prerequisite to breed hybrid potato. Here, we employed genome design
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gains in potato have been small. The complexity of tetrasomic in-
heritance is the key factor hampering the genetic improvement of
cultivated potato. For example, the 119-year-old Russet Bur-
bank is still the foremost processing cultivar, despite it being
susceptible to many major diseases (Bethke et al., 2014). Clonal
propagation is another constraint for the potato industry,
involving ~10% of the total production costs, and bears a very
significant carbon footprint for tuber production associated
with pest control, storage, and shipment to farmers.
To address these problems, several groups began efforts to

re-invent potato into an inbred-line-based diploid crop, propa-
gated by seeds (Jansky et al., 2016; Li et al., 2013; Lindhout
et al., 2011). Actually, ~70% of the natural potato germplasm,
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nested association mapping populations (NAMs), can be devel-
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alleles once in a generation, a process not amenable with auto-
tetraploid breeding, which is essentially non-accumulative.
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kinders et al., 2009), but it was long considered to be impractical.
To make a hybrid of sufficient heterosis and uniformity, the two
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vigor and fertility, and a reasonable degree of genetic diver-
gence. In this regard, there are two major obstacles to be over-
come. The first obstacle lies in the fact that most diploid lines are
self-incompatible. A pioneer work here was the discovery and
introgression of the S-locus inhibitor (Sli) gene, from the wild
species S. chacoense, a dominant locus that renders self-
compatibility in diploid potato, making selfing possible (Hosaka
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(Zhang et al., 2019). More difficult to solve is the second
obstacle, inbreeding depression, mainly caused by deleterious
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through selfing (Charlesworth andWillis, 2009). Thus, elimination
of deleterious mutations is crucial for development of pure
inbred lines.
However, even in a self-compatible diploid clone, purging of
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line, is not as straightforward as expected. After the initial suc-
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SUMMARY

Hybrid potato breeding will transform the crop from a clonally propagated tetraploid to a seed-reproducing
diploid. Historical accumulation of deleterious mutations in potato genomes has hindered the development
of elite inbred lines and hybrids. Utilizing a whole-genome phylogeny of 92 Solanaceae and its sister clade
species, we employ an evolutionary strategy to identify deleterious mutations. The deep phylogeny reveals
the genome-wide landscape of highly constrained sites, comprising !2.4% of the genome. Based on a
diploid potato diversity panel, we infer 367,499 deleterious variants, of which 50% occur at non-coding
and 15% at synonymous sites. Counterintuitively, diploid lines with relatively high homozygous deleterious
burden can be better starting material for inbred-line development, despite showing less vigorous growth.
Inclusion of inferred deleterious mutations increases genomic-prediction accuracy for yield by 24.7%. Our
study generates insights into the genome-wide incidence and properties of deleterious mutations and their
far-reaching consequences for breeding.

INTRODUCTION

The reinvention of potato from a clonally propagated autotetra-
ploid to an inbred line-based diploid hybrid reproducing via
seeds may transform the breeding of the most important tuber
crop from a slow, non-accumulative mode to a fast iterative
one.1–5 The clonally propagated potato has accumulated a
markedly large number of deleterious mutations.6 Deleterious
mutations are masked or partially masked in the heterozygous
state, and their detrimental effects are exposed during the pro-

cess of developing inbred lines by repeated rounds of self-fertil-
ization (selfing),6 which makes developing highly homozygous
inbred lines a challenging enterprise. We previously developed
two highly homozygous inbred lines by purging of large-effect
deleterious mutations via phenotypic screening and genetic an-
alyses; however, these two inbred lines still have large numbers
of mild, moderate, and even some highly deleterious mutations
in their genomes.4 Jointly, these deleterious variants result in
large negative fitness effects as evidenced by frail growth,
reduced fertility, and low yield.4 Recent genetic investigations
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SUMMARY

Reinventing potato from a clonally propagated tetraploid into a seed-propagated diploid, hybrid potato, is an
important innovation in agriculture. Due to deleterious mutations, it has remained a challenge to develop
highly homozygous inbred lines, a prerequisite to breed hybrid potato. Here, we employed genome design
to develop a generation of pure and fertile potato lines and thereby the uniform, vigorous F1s. The metrics
we applied in genome design included the percentage of genome homozygosity and the number of delete-
riousmutations in the starting material, the number of segregation distortions in the S1 population, the haplo-
type information to infer the break of tight linkage between beneficial and deleterious alleles, and the genome
complementarity of the parental lines. This study transforms potato breeding from a slow, non-accumulative
mode into a fast-iterative one, thereby potentiating a broad spectrum of benefits to farmers and consumers.

INTRODUCTION

The most important tuber crop, potato (Solanum tuberosum L.),
is a staple food for some 1.3 billion people worldwide (Stokstad,
2019). However, compared with other major crops, the genetic
gains in potato have been small. The complexity of tetrasomic in-
heritance is the key factor hampering the genetic improvement of
cultivated potato. For example, the 119-year-old Russet Bur-
bank is still the foremost processing cultivar, despite it being
susceptible to many major diseases (Bethke et al., 2014). Clonal
propagation is another constraint for the potato industry,
involving ~10% of the total production costs, and bears a very
significant carbon footprint for tuber production associated
with pest control, storage, and shipment to farmers.
To address these problems, several groups began efforts to

re-invent potato into an inbred-line-based diploid crop, propa-
gated by seeds (Jansky et al., 2016; Li et al., 2013; Lindhout
et al., 2011). Actually, ~70% of the natural potato germplasm,
including wild species and landraces, are diploid (Spooner
et al., 2014), the extensive diversity of which has yet to be ex-
ploited. Sophisticated genetic populations, such as recombinant
inbred lines (RILs), introgression lines (ILs), multi-parent
advanced generation intercrosses populations (MAGICs), and
nested association mapping populations (NAMs), can be devel-
oped using inbred lines of various lineages to facilitate trait gene
discovery. Breeding with inbred lines is a fast and iterative
process, using backcrossing to incorporate one or few beneficial
alleles once in a generation, a process not amenable with auto-
tetraploid breeding, which is essentially non-accumulative.
Therefore, reinventing potato into a seed crop, hybrid potato,

would lead to a ‘‘green revolution’’ in the potato industry, with
immense benefits for consumers.
The concept of hybrid potato breeding is not new (Alme-

kinders et al., 2009), but it was long considered to be impractical.
To make a hybrid of sufficient heterosis and uniformity, the two
parental lines require high genome homozygosity, adequate
vigor and fertility, and a reasonable degree of genetic diver-
gence. In this regard, there are two major obstacles to be over-
come. The first obstacle lies in the fact that most diploid lines are
self-incompatible. A pioneer work here was the discovery and
introgression of the S-locus inhibitor (Sli) gene, from the wild
species S. chacoense, a dominant locus that renders self-
compatibility in diploid potato, making selfing possible (Hosaka
and Hanneman, 1998). Alternative solutions include using
genome editing to knock out theS-RNase gene, amajor determi-
nant of self-incompatibility (Enciso-Rodriguez et al., 2019; Ye
et al., 2018), and searching for natural mutants of S-RNase
(Zhang et al., 2019). More difficult to solve is the second
obstacle, inbreeding depression, mainly caused by deleterious
recessive alleles, whose detrimental effects would be exposed
through selfing (Charlesworth andWillis, 2009). Thus, elimination
of deleterious mutations is crucial for development of pure
inbred lines.
However, even in a self-compatible diploid clone, purging of

deleterious mutations, to obtain a highly homozygous inbred
line, is not as straightforward as expected. After the initial suc-
cessful conceptual test of hybrid potato breeding, by re-
searchers at the Solynta Company and Wageningen Univer-
sity (Lindhout et al., 2011), over the ensuing decade of
selfing and selection, the homozygosity of inbred lines
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gene

Insertion through genetic engineering of genes in their
native form taken from the same species or from sexually

compatible species.

CISGENESIS GENOME EDITING

Edit the DNA in a targeted manner at a specific position 
within the DNA. Mutations similar to those that would 

naturally occur spontaneously.

ACGCGTGC
TGGATGCG
CTAGATCG
CTAGGTCG

Fast | Accurate | Identity remains unchanged

NBTs PRESERVE TRADITIONAL VARIETIES
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species



POTATO IMPROVEMENT CRISPR/Cas GENOME EDITING

Trait Editing Tool Name of target genes Type of edit
Genetic breeding CRISPR/Cas9 Sp3 and Sp4 Gene knockout

CRISPR/Cas9 S-Rnase Gene knockout
CRISPR/Cas9 StD6PK and StSIEL Gene knockout
CRISPR/Cas9 Sli Gene knockout

Stress resistance CRISPR/Cas9 StDND1, StCHL1, and StDMR6-1 Gene knockout
CRISPR/Cas9 StFLORE Promoter mutation
CRISPR/Cas9 StCCoAOMT Gene knockout
CRISPR/Cas9 tMYB44 Gene knockout
CRISPR/Cas13a LshCas13a Gene knockout

Improved quality CRISPR/Cas9 tGBSS Gene knockout
CRISPR/Cas9 StGBSSI Gene knockout
A3A-CBE StGBSSI Base editing
CRISPR/Cas9 StGBSSI Gene knockout
CRISPR/Cas9 StGBSSI Gene knockout
PmCDA1-CBE StGBSSI Base editing
CRISPR/Cas9 StGBSSI Gene knockout
CRISPR/Cas9 SBE1 and SBE2 Gene knockout
CRISPR/Cas9 SBE1 and SBE2 Gene knockout
CRISPR/Cas9 AtCGS and StMGL Gene knockout
CRISPR/Cas9 St16DOX Gene knockout
CRISPR/Cas9 StSSR2 Gene knockout
CRISPR/Cas9 StPPO2 Gene knockout

Improved yield CRISPR/Cas9 StIT1 Gene knockout
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