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Haploids & doubled haploids

• Haploid individuals have the 
gametic chromosome number (n) 
in their somatic cells

Haploid

10C

Diploid

20C

Haploid maize is produced naturally (1 / 1500 seed). 

Haploid plants are short, have thin leaves, small stomata, and are sterile. 

Doubled haploid (DH) cells are formed when haploid cells undergo 
chromosome doubling. This is achieved with mitotic arrest agents (i.e. 
colchicine) that block spindle formation; instead of mitosis, a treated cell 
reverts to G1

DH plants are chimeric
3D Images by Judith Sheldon, Syngenta Microscopy Core
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Haploid Induction Vary in Different in Different Crops

Haploid inducer Any Female Ear           Haploid Induced Ear)

“RWK” line 10-30% fertilization fail       
Always used as male ~30% embryo abortion

~40-60% viable kernels: 87% diploids

• Brassicas; many other species:  Anther, microspore, or 

ovule culture; CENH3*

• Wide crosses: 

• Oat and Wheat:  Crosses by maize pollen. Barley: 

Crosses by H. bulbosum pollen

• Lettuce:  Crosses by sunflower or artichoke pollen

• Maize:   Interspecific cross to “haploid inducer” pollenHaploid (1n) 

embryo

Fertilized (3n)
endosperm

Piosik, L. et al. Euphytica 2015Ovule culture, Zhao, H. et al. J Int Ag, 2014

Kasha, K.J. & Kao, K.N. High frequency haploid production in barley (Hordeum vulgare L.). Nature 225, 874-876 (1970)

Burke L. G., et al., Maternal haploids of Nicotiana tabacum L. from seed Science 206, 585 (1979)



• DH = Rapid production 
of inbred lines
– Inbreds help us understand 

the connection between 
genes and traits

– They are also needed to 
produce hybrids
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1950s:  Discovery of the first haploid inducing line (maize)
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Advances in plant breeding
• Conventional Breeding 

- Introduce genes from the same or related species (wide cross introgression)

- Induce variation (chemical mutagenesis, mutant screening)

• Genetic Modification 

- Introduce genes from other species (BT for insect resistance, etc…)

• New Breeding Technologies

- Site directed genome editing (CRISPR / Cas, TALEN, etc)

- Improves efficiency and speed of conventional breeding, cutting years off time 

required to develop new traits for growers

- Doubled haploids, chromosome substitution lines - Cytoplasm conversion

- Targeted / Enhanced recombination 

Classification: PUBLIC
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RWK was obtained from Univ. Hohenheim; mapping initiated

Satya 
Chintamanani

Brent 
Delzer

QTL = 

Quantitative

Trait Locus

Qhir1  66% 

of variation
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2012:  Seven genes in QTL sequenced in inducer (RWK, Stock6) 
and non-inducer lines (RWK-NIL, B73)

Research Triangle Park
- Mike Nuccio
- Bob Dietrich
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2013-2014:  Complementation test, transgenic experiment

Which change in the DNA is responsible for the trait? 

2014:   Insert normal copies of gene into haploid inducer

Normal corn

(       absent       )

PGMPLAIIa

+ PGM

frameshift

-CGAG-

RWK

B73

Pollen source           # ears        seed set        embryos      haploids          HIR    .
Control inducer  4            133/ear             255 26             10.20%

Control lnducer + 16            357/ear 3047                7                 0.23%WT-PLA2
WT-PLA2

Michael Nuccio   Lee Richbourg

Dakota Starr        Heng Zhong

Anna Prairie        David Bradley

PLAIIa
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2015: TALEN editing provides the final proof

Native Mutation Discovered in PLAIIa

PLAIIa

mutant
STOP-CGAG-

TALEN construct targeting native 4bp 

insertion site, induced several mutations

Pollen Source Mutations Ears % Abort Embryos
Putative 

Haploids

Confirmed 

Haploids

Induction 

Rate

AX None 8 0.7% 1432 1 1 < 0.1%

Control inducer 4bp insertion 4 47.6% 531 56 54 10.2%

TAL-3954 -13bp; -28bp 4 44.10% 579 37 35 6.04%

TAL-3924 -8bp; -5bp 2 50.40% 128 18 16 12.50%

TAL-3932 -13bp 2 43.90% 169 18 15 8.88%

TAL-3317 -13bp 2 37.10% 343 19 19 5.54%

TAL-3303 -13bp 1 34.60% 176 7 7 3.98%

TAL-4108 -11bp; -5bp 4 40.10% 379 28 26 6.86%

Dakota Starr

Jamie McCuiston

Zhongying Chen

Shujie Dong

Tara Liebler

Sam Nalapalli

Siva Elumalai

Wenling Wang
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PLAIIa renamed MATRILINEAL 

Frameshifted allele = matrilineal 

Other groups named it PLA1 & NLD
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Phospholipases cleave fatty acid chains off 

of membrane phospholipids

Free fatty acid  prostaglandins (animals)

oxylipins (plants)

Lyso-phospholipid

 signaling, membrane remodeling

MATL

of isolated MATL protein

In vitro phospholipid cleavage assay

How does MATRILINEAL induce haploids?



Expression pattern of Matrilineal RNA – anthers only!

How does MATRILINEAL induce haploids?



Formation of the male gametophyte (pollen)

Theodore Kiesselbach, 1949    The structure and reproduction of corn

University of Nebraska, Agricultural Experimental Station



differentiation

fate acquisition

tissue composition
and arrangement

Is that your 
final answer?

Cell walls  Fixed positions  get to know your neighbors!
Central debate  cell lineage vs positional information?



meiosis
?

Diploid germ cell Haploid gametes

Germ cells:     the ultimate totipotent cell
All others (somatic):      “dead end” lineages

What developmental mechanisms are responsible for germ line specification?
What are the unique epigenetic properties of germ cells?

precursor



early sequestration, quiescence

induction by somatic cells

continuous production

late specification

cell autonomous program

one-time production

Germ cell specification in animals and plants

need for protection from DNA damage 



germ cells

somatic “nurse” cells

anther

When and where do germ cells arise?



Leaves vs. Anthers

AD – AB polarity

Shoot apical meristem
Leaf primordia 

KAN, YAB

HD-ZIP



TEXTBOOK VIEW: lineage defines germinal fate

asymmetric cell division (ACD) is the mechanism

undergoes ACD

Raghavan, V., 1988. Am J. Bot. 75(2) (rice)

hypodermal cell

somatic cell

germ cell
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mitotic germ cells

“archesporial cells”
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somatic cell

germ cell



L2-d cells AR (germ line)

+ L2-d cells (somatic niche)

?

When and where do germ cells arise?

~ 30-40 morphologically 

equivalent L2-d cells per lobe



NEW APPROACH:   confocal microscopy

Kelliher & Walbot, 2011 Dev. Biol.

Darker stain
Rounded shape
Central position

Characteristics 

of germ cells



presumptive germ cell

germ cell (AR cell)

When and where do germ cells arise?

- multiple progenitors

- center more advanced     

than base and tip

Science, 2012 

Hypoxia as 
Positional cue



fertile mac1 

mac1 multiple archesporial cells

500 mm500 mm

Excess germ cells

Faulty somatic development

Wang, et al., Development 2012

AR express MAC1, a secreted ligand



tapetum

middle
layer

endothecium

Kelliher & Walbot,
2011 Dev Biol

Somatic
cell Germ 

cell

MAC1 small 
Peptide (CLV3-like)

EMS1 LRR-RLK
receptor

Receptor mutant has never
been found  gene editing!





Formation of the male gametophyte 

(pollen)

Theodore Kiesselbach, 1949    The structure and reproduction 

of corn

University of Nebraska, Agricultural Experimental Station



Formation of the female gametophyte (embryo sac)



Guidance cues alternative link (youtube)

Torenia - demonstrating guidance cues

In vitro pollination, Torenia

LUREs delivered by pipette

Defensin-like polypeptide LUREs are pollen tube attractants 

secreted from synergid cells.

Tetsuya Higashiyama, 

Nagoya Univ.

PRK3/6 are the 

pollen tube tip-

localized receptors 

of the LUREs

https://www.youtube.com/watch?v=DDbmWz0t9rg
http://www.edge-cdn.net/video_934580?playerskin=37016
http://www.edge-cdn.net/video_934562?playerskin=37016
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MATL protein localizes to sperm cell membranes in pollen

How does MATRILINEAL induce haploids?



MATL-GFP in sperm cells (SCs)

MATL-GFP in pollen tubes

ES fertilized by MTL-GFP pollen

WT matl-GFP MATL-GFP
matl-GFP:    no signal 

Localization

Sperm cell cytoplasm and/or

plasma membrane

…signal missing shortly after syngamy; not found in any maternal or zygote cell types

“male germ unit” stringy cytoplasm
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Mechanism --

How does MATRILINEAL induce haploids?



Different sperm cells have different pieces of chromosomes missing  a sign of 
chromosome fragmentation

Fragmentation only 

in sperm cells!

Not in vegetative nucleus… suggests pollen carrying defective sperm can ride out development  fertilization 

may be defective or not… if not, sometimes male chromosomes will be lost in embryo afterwards 



Conclusions: DNA fragmentation is progressive 
during late pollen development

Stage of pollen development Frequency of aneuploidy

• Tetrad stage (uninucleate microspore): Few

• Mature pollen:  ~15% of sperm cells

• In wheat, tobacco and brassica, pollen irradiation also leads to HI

• Wheat haploids are produced via corn pollen  rapid genome elimination

• Chromosome fragmentation is part of apoptosis / reaction to cellular stress



Hetero-fertilization (HF) 

• Fertilization of egg and central cell by two different pollen grains

• Occurs very rarely in nature, but when it happens it indicates a fertilization defect

Normal 

fertilization…

2nd synergid

is blocked

Fertilization 

challenge?

2nd synergid

attracts 2nd

pollen tube

Synergids

Egg

Cell

Central 

Cell 



Hetero-fertilization rates are 4X higher in crosses with 

haploid inducer

+

HI

WT WT

WT

+

- 9 & 11 am

- Both at 10

- 11 & 9 am

- 9 & 11 am

- Both at 10

- 11 & 9 am

WT HI

+

- 9 & 11 am

- Both at 10

- 11 & 9 am

Progeny rates

~ 99 % same

~ 1 % different

~ 95 % same

~  5% different

See also: Liu, et al. 2017 Euphitica 213 (174)

Confirmed in recent publication: Liu, C., Euphytica 213, 174 (2017)



Experiments to prove post-fertilization genome elimination

• Hyp #2: Chromosome elimination: Male DNA is lost post-

fertilization 

– Prediction: Male DNA is present in early embryo, then lost

– Well documented in wheat x pearl millet and other wide crosses

– Supported by evidence in literature

• Aneuploid plants and chimeras seen after haploid induction crosses

• Need precise tracking of male DNA markers in early embryos during HI

• We have new data that supports this hypothesis also
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SBC

SBC and RTP

JH?

JH?
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Arabidopsis (CENH3-tailswap) leads to haploids

Female parent Male parent seeds / silique haploids diploids aneuploids comments

WT col WT col 52 0 224 0

GFP-TS WT col 32 23 23 31 30% haploids

WT col GFP-tailswap ND 5 99 12 mostly male sterile

GFP-tailswap WT Ler 30 32 32 63 25% haploids

GFP-tailswap WT C24/Ler 28 34 39 44 29% haploids

WT C24/Ler GFP-tailswap 22 12 206 8 mostly male sterile

• CENH3 binds centromeric DNA; helps chromosomes segregate in division

• Aberrant alleles of CENH3 produce 3-30% haploid seed (genome elimination)

• Only works after outcross – some kind of disagreement of centromeres

Haploid plants produced by centromere-mediated genome elimination (Nature, 2010) 
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Bringing Haploid Induction to new crops
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OsPLAy is the closest homolog in rice

Os03g27610

Closest homolog 

to MATL

Also pollen-specific
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Synchronize the 4-8 meritem cells
that  give rise to pollen

Classification: INTERNAL USE ONLY

Scutellum

Embryo
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Find treatments to boost / synchronize cell division rate of SAM CZ cells

Classification: INTERNAL USE ONLY

Mitosis

Lasts about 1 hr

G1

DNA 

Synthesis

G2

DISSECT SYNCHRONIZE RECOVER COLCHICINECOLOR SORT

Cells on the flanks of the SAM 

are rapidly dividing, but they 

don’t contribute to the tassel

CZ

WUS expression domain
Divide once every 4 days

(BAP treatments, liquid media)

24 hr 24-72 hr 24 hr

synchronize?
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EdU: Incorporated into dividing cells during DNA synthesis

Classification: INTERNAL USE ONLY
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. In 2015, 

inducted to the National 

Inventors Hall of Fame, USDA 

Hall of Heroes and National 

Academy of Inventors

Classification: PUBLIC

©2016 Syngenta. The Alliance Frame and Syngenta logo are registered trademarks of a Syngenta Group Company. 
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Key R&D centers across the world
Unrivalled global breadth
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Over 150 R&D sites 

around the world
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Classification: PUBLIC, NOT FOR DISTRIBUTION
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The Syngenta RTP Innovation Center

Classification: PUBLIC

● Phase I: Construction of the 

Advanced Crop Lab started 

Q4/2011

- Construction completed Q1/2013

- Investment of $72 million

● Phase II: Construction of the RTP 

Innovation Center started Q4/2013

- Construction completed Q2/2016

- Investment of $94 million
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The Syngenta RTP Innovation Center: lab and office wings

Classification: PUBLIC

● Lab space (136,000 sq. ft. total)

- 100,000 sq. ft. of labs

- 36,000 sq. ft. of offices and 

collaboration spaces

- Flexible, fit-for-purpose, open 

laboratory environments

- State-of-the-art fermentation suite

● Office space

- 64,000 sq. ft.

- Multi-workplace office environments to 

enable interaction between disciplines

• Total Innovation Center

• 200,000 sq. ft.

• Houses approximately 475 employees.

375 Syngenta employees

100 resident contractors.
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The Syngenta RTP Innovation Center: Advanced Crop Lab

● Greenhouses

- Positioned to receive optimal sunlight

- Made of low carbon glass with 

antireflective coating and prismatic haze 

patterns.

- Independently controlled room 

temperature and humidity

- Control of day light exposure and gases 

such as carbon dioxide

● Growth Chambers

- Designed specifically for Syngenta using 

technology developed by the International 

Space Program to study the impact of 

different atmospheres on crop 

performance.

- Ability to precisely control all 

environmental variables (light, 

temperature, moisture, etc.)

- Ability to precisely measure plant 

responses

• 340,000 sq. ft. of State-of-the-art facilities

The Advanced Crop Lab (140,000 sq. ft.)

Under Glass: 40,000 sq. ft.

Headhouse + Chambers: 35,000 sq. ft.

Support Areas: 65,000 sq. ft. 


