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Abstract

Haploid induction (HI) has been a cornerstone of potato and maize breeding for more

than half a century. Haploids, organisms with gametic number of chromosomes, are obtained in
these crops by crossing cultivars to special lines called haploid inducers. Among the outcomes
of these crosses are seeds that lack a paternal genome. These result in embryos that, different
from regular crosses, only inherit half the maternal chromosomes and none from the paternal
parent. Fascinating as this phenomenon is, it remains relatively understudied, particularly in
potato. The aim of my studies was to review the literature on maize and potato haploid induction

mechanisms, formulate hypotheses that explain the trait, and test some of these hypotheses.

Beyond breeding interests, haploid induction is rarely studied. Haploids in plants occur in
nature across dozens of seed plants that have been surveyed. However, haploids in nature are
rare occurrences, perhaps due to their low fitness. In potato, many diploid accessions induce
haploids when crossed to tetraploid cultivars. This common occurrence of haploids in potato
crosses suggests that this is not the result of an evolutionary fluke that has fixed deleterious
haploid induction alleles in wild potato populations. Here, | put forth a hypothesis that explains
the presence of these haploid induction alleles in populations, and their evolutionary

significance.

To further our understanding of potato haploid induction, | developed a diploid potato
population segregating for the haploid inducer trait. This population was used to map a genetic
locus that is associated with haploid induction in potato. Haploid induction was also found to be

positively associated with seed death.

Finally, I observed that the population developed above was segregating for traits other
than haploid induction. These included color, seed size, inheritance of the embryo spot, and the

growth habit. | attempted to map two of these traits - seed size and the presence of the embryo



spot. A region on chromosome ten that has previously been shown to harbor numerous
anthocyanin biosynthesis genes was found to be associated with the seed embryo
(anthocyanin) spot trait. This confirmed that my method and population is robust enough to pick
up QTLs. As for the seed size, no association was found between the trait and a genomic locus.

However, this was not surprising given the experimental setup.

Overall, | was able to map for traits that have huge implications for diploid potato biology,

breeding, and that might have evolutionary biology implications.



Matemo

Uthuthuria Gyl wanjiririe maambara-ini (laboratory) ya mbirobeca Luca Comai cukuru-

inT minene wa Njimbo ya Karibonia itGdra-inT ria Davis (University of California - Davis).
Matanya makwa maarf glicaria njiini (gene kana genes) cia kuuna meri (reduce by half) namba
ya kurimdcimu mimera-ini. Bata wa kiimenya njiini ici nT ati tene Grilka niciriteithia kiihathia
gdciarithania kwa mimera. Gwa kahinda gaka, giciarithania mimera kiibataraga imera nyingi
(kuuma imera migwanja nginya kenda) kamwiira miimera gathirange kana karing’a Giciarwo.
Mimera karing'a (karing’a; i.e pure breed kana inbred) Grutaga maciaro mahanaine o-kimera.
Maciaro ma karing’a mahananaga ni glikorwo ati icunji cierT cia kuriim@iclimu (chromosome
pair) cia karing’a itiri Gtiganu kaimana. Kwa Ggwo, karing’a yeciarithia (plant selfing), mbegt
ciagwo ikoragwo na kurlimiclmu itarf Gtiganu, na citarie ta cia miciari mbe( icio. Mihianire na
mitugo ya kimera gia karing’a tkoragwo Tiganaine na ftarT Gtiganu. Arimi oothe mabataraga
mimera Thuanaine nigwo Gramati wa migiinda Ghdthe - arimi matienda, kwa mihano, mimera
mwe Tkiruta mithuka riria Tngi nirikitie maciaro, kana mbel imwe igithundika ciumia thutha wa

iria ingl. Karing'a nicio ihthagirwo nigwo wiigananu wa kimera woneke miginda-ini.

Hihi notlihote glithondeka karing’a hatari gwiciarithia kwa mimera imera nyingi? No
tihote na njira no ng(tariria. Tikwanjia na mimera mitukanu (heterozygous) - glitukana,
haha, ni kuuga ati ti karing’a. Tlglcoka tuune meri namba ya kurimdcimu mbed-inT iria
kimwe, handl ha igiri, gia o-kuriimicimu (i.e we obtain haploid plants). Thutha Gcio, no
thrutithie o-gicunji gia kuriimiclmu nigwo gicunji kiume Kingi thiinie wa cero (plant cell) cia
midmera (cio (chromosome doubling), nigwo icunji cia kurimcdmu cihinge igirT ringi. Tondi
twarutithia gicunji kuuma kingi (na njira ingi nitatwah(ira maita na igiri o-gicunji), tiglkorwo
twathondeka karing’a (doubled-haploid, which is homozygous just like an inbred). Icunji cieri cia

kuriimiclmu iglikorwo cihuanaine kaimana. Njira Tho ya gilithondeka karing’a no thoteke na
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kimera kimwe handid ha imera nyingi iria ibataragwo kihdthira njira ya gwiciarithia kwa
mimera. Thiina Griho ni ati gatirT njira nyingi cia kuuna meri namba ya kurimacimu (haploid
induction). Njira iria ciri ho citingihGthika na mimera miingi. Kuuna meri namba ya kuriimdcimu

ti Ghatha.

NikdrT waru mathemba Gmwe, Tria irlGa (pollen) riayo ringihdthirwo glciarithia waru ingf,
ritimaga waru icio ciciare mbeil haploid (nyune). Mbedi ici citigayaga (inherit) kuriimlcimu cia
irda (pollen). Kwa Ggwo, mbei icio ikoragwo na kurGmdcimu cia Gka (female kana maternal
chromosomes) tu. KurimGclmu cia nyune (mimera wina nuthu ya namba ya kawainda ya
kurGmdcimu, i.e haploid) ciahdrithanio maita (chromosome doubling), mimera Gicio muune
Gtuikaga karing'a (double haploid). Mworoto wakwa nikimenya njiini iria itGmaga waru Gyu
muuni (haploid inducer) uune (haploidize) waru iria ingi. Nindahotire kimenya ati ni
kurimdcimu ya gatatd Tna njiini nyuni kuriimdcimu, ona glkorwo ndiahotire gitigithlikania nT

njiini rikd yuunaga kurimacimu.

Wira Gy ni Gkdhotithia njiini Tyo yoneke, na thutha miinene, gitimira njiini fyo kuuna

kuriimiclmu mimera-ini iria ngi na kdhdthia Gciarithanio wa mimera. NingT kiimenya nijiini iyo,
na umenyo wa Uria Trutaga wira cero-ini, niigitateithia kimenya Gria mQtGdrire wa mimera
dcenjagia na mahinda (evolution of plants) na drfa macigirira mangiclngirira glcenjia glkd na

njira ya kuuna kana kihira maita namba ya kurimicimu. Maya mothe ni matemanie na

magabacirirwo riboti-inT Tno ya ndicaticoni (dissertation).
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Ngaatho

Wa mbere ni glicokeria awa na ayu - Ng’ang’a (wa Mbigua na Wanjirli) na Wanjika (wa

Mwaiira na Wamaitha) - ngaatho nyingi nikiindera hatari kiindoreria njira o-yoothe hoka ni
madindd ma githomo. Ureri iy(i niwaheire mweke na wiyathi wa giitiimira meciria makwa
gwitemera njira o-yothe ya igo ingienda kuuma ndio manyinyi. Na o-ho, njokerie glika, matiga
irm na iriri, Mbligua (wa Ng’ang’a ‘Munge’ na Ngonyo), na clicii, Wanjirli (wa Wambu Kindthia na
Mdikuhf) - tondi wa glikorwo mari areri akwa a keri. Nimandonyire Ghoro wa Grimi wa mimera

na mahiti, na ningi makinduta bata wa kwirutaniria mdtdrire-ini na githomo-ini. Urutani wao

nigwo Uhotethitie glkinya nginya handi ha kiiheo thiimbi ya PhD.

NingT ningwenda giicokeria ngaatho nyingi mbari yoothe ya Ng’ang’a (Kamithi) na ya
Mwaira Ndiho (Ndegwa) - aria me mwoyo na aria mathiite Gkiriini. Makiria ngwenda glicokia
ngaatho cia mwanya kiiri acio - aingi a o ngomi na ngoma - mar{i-iire wiyathi na kihoto kia
mandd mwiirl hindT ya wathi wa nyakerG birdriinT wa Gikly(, na Kenya yoothe. Nimaimirwo na
makigirio githomo gia kiimerera na gia Gthdngd, magitunywo indo na miglinda yao,
makiherithio icagi-inT (concentration camps) na aingi makionja meciria na mwiri kana magikua.
Wirutiri, Gmiriria na mworoto wao ndwathererire na ri, kwona ati ni nii iyl mwana wao —
Mwalira wa Ng’ang’a na Wanjik{ - waheo thiimbi ya PhD. Ngaatho ciakwa ingicokia tu na njira
Tmwe - gutigirira ati mioroto na iroto cia njamba icio niciakinyanira na itinahuka. Makiria nT
ngwiheana gltwarithia na mbere wira Gcio maambirie gatigirira ati Gkombo wa meciria na wa

miiri ya nddriri ciothe na andii othe - kana ni, kana ti, aka na arime - niwathira.

Ningi ninglicokeria ngaatho mwari na aarili a awa na ayu ario Mbiigua, Wambu,
Ndegwa, na Wanijiri - na tlihwa twakwa, Ng’ang’a na Wanjikd, nilind wa Grata wao na kiilihe

ngoro manahe.
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NingT ningwenda giicokia ngaatho cia mwanya kirT ndidriri cia Patwin, eene miglinda
na macigirira maria itdra ria Davis na cukuru minene wa Njimbo ya California itlilira-inT ria
Davis wakitwo. Ndriri cia Patwin ni ciagereire matndd mariti moko-ini ma wathi wa nyakeri o-

ta (rfa andl a ndira ciiti magereire. Matigari ma Patwin, o-haria mari, nindam(tambd(ira nitGindd

wa (camba na Umiriru wanyu, na hamwe nitligthie na mbere kwiruta Gkombo-inT.

Mdthia, njokerie ngaatho ataari (mentors) akwa aria manahe mweke wa kiruta wira
mambara-ini ciao, na aria mananyitirira na kithe ngoro riigendo-ini rird. Aya ni Bethany Zolman
wa cukuru minene wa Njimbo ya Micauri itGlra-inT ria Saint Louis (University of Missouri - St.
Louis), Todd Mockler wa Donald Danforth Plant Science Center (itlilira ria Saint Louis,
Missouri), na Luca Comai wa cukuru minene wa Njimbo ya California itlidira-inT ria Davis.
Uthuthuria wakwa ndekiire mambara-ini ya Luca Comai. Urutani wake niiinginyithitie makinya
manene. Na o0-ho njokerie aria twanarutithania wira nao mambara-ini ya Luca Comai. Na ndikie
na glicokeria ngaatho kamiti ya ndicaticoni yakwa (Luca Comai, Julin Maloof na John Harada)

ni kndnga manandinga.
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Urongoreria

Ndicaticoni (dissertation) ino irongoreirio:

Ndira ciitl - arfa makirite, arfa mariho na aria magooka. Mitikanage, ha nhgoma cianyu o-
haria ciri ni-ikene, ciiganire na itikanaage mahinda mothe. Na mitldre mwendaine, na o
mboco yagwa, mikenyldrana. Nagwo miringa wanyu ndikanathire, mbel cianyu na mahit
manyu matikanahuke, na mwonage kimera.

Aria oothe mariliagira Thoto cia o-mandd, na makiria cia andd aria mahinyiriirio ni

mambemberi (akoroni) na matigari ma mbemberd.
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Chapter 1: Review of Maize Haploid Induction

1. Importance of haploid induction (HI)

The first report of a haploid plant is usually credited to Blakeslee 1. Since then, haploid
plants have been discovered and produced in hundreds of species 2. Atrtificially, haploids are
obtained through anther culture, ovule culture, interspecific or inter-genera crosses, or through
special genetic crosses to strains known as ‘haploid inducers' 2. The number of chromosomes
in the haploid is doubled in breeding programs to produce what is known as a doubled haploid
(DH). DHs are quick alternatives to inbred lines that take many generations to develop. Itis
possible to obtain an DH “inbred plant” in a single generation compared to many generations
using inbreeding 3.

For those reasons, haploids have become central in the breeding of some crops,
particularly potato and maize. Maize and potato haploid induction are widely adopted in
breeding programs due to the ease of use of these haploid induction systems. An interest in
genetic haploid induction surged in 2010 when a method using manipulation of centromere
proteins was used to obtain haploids in Arabidopsis thaliana °. In the following review, | will
look first at haploid induction in maize because of its similarity to haploid induction in potato. My
aim is to discuss possible haploid induction mechanisms that could be involved in both of these
systems. In Chapter 2, | will discuss potato haploid induction, and in general, the evolutionary
significance of haploid induction in angiosperms beyond the often-cited function in

establishment of species barriers.


https://paperpile.com/c/UjNfoH/11PYj
https://paperpile.com/c/UjNfoH/hQNT6
https://paperpile.com/c/UjNfoH/hQNT6
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https://paperpile.com/c/UjNfoH/AnXOL+ZQhor+PSgfz

2. Haploid induction in maize

2.1. Definition of important terms

HI - Haploid induction

HI Cross - a genetic cross suitable for obtaining haploids in the resulting progeny.

HIR - haploid induction rate. In the case of maize or Arabidopsis, it is the percentage of
live seeds that develop into haploids. In the case of potato, it is the number of haploids
obtained divided by the number of fruits that were analyzed for the presence of haploids.
Inducer - a haploid inducer line

Polyembryony (also known as twin embryos or twinning) - when a seed contains two or
more embryos. This occurs sometimes in the maize HI cross and numerous other Hi
systems 610

Twinning-rate - the percentage of seeds that have more than one embryo

(Proper) Uniparental genome elimination - specific loss of one parental chromosome set
following successful fertilization. Typically, these chromosomes are lost during early
embryonic cell divisions. E.g, chromosomes that have defective/incompatible
centromeres such as those contributed by a CENH3-based haploid inducer 4°
Parthenogenesis - Development of an unfertilized egg cell into a zygote without any
input from a male gamete. E.g during ectopic expression of the BabyBoom gene in the
egg cells of rice . It is a mechanism of apomixis in pennisetum 2,

Heterofertilization - independent fertilization of egg and central cell in the same ovule by
sperms that are derived from different pollen tubes 314,

Double fertilization - the dominant mode of sexual reproduction in angiosperms where an
egg and central cell are fertilized by a sperm each.

Single fertilization - In plants, the abnormal fertilization of only the egg or central cell

instead of both as happens during double-fertilization.
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2.2. Brief introduction to maize Hi

In maize, haploids occur spontaneously at a rate of about 0.01-0.1% *°-*8, In 1959, E.H
Coe Y identified Stock 6, a maize line with relatively efficient (~3% HIR) haploid induction, either
when selfing or when outcrossing 1°2°. The authors noted that the line might have had a higher
than normal degree of heterofertilization 2. It was suggested that “haploids result primarily from
failure of fertilization caused by an abnormal condition, either inherent or induced, in a male or
female gamete, and subsequent development of the reduced egg into the embryo” 6. The rate
of haploid induction either spontaneously or by use of haploid inducer line is dependent on both
the paternal and maternal genetic background 817:19:22,

All modern maize haploid inducers are derived from the Stock 6 line, and have been
bred for high HIR, which can be as high as 15% 2324, This involves the combination of at least
two QTL, ghirl (from the stock 6 line) and ghir8 (of unknown origin). The suggestions made by
Ed Coe *° about the characteristics and mechanism of haploid induction were prophetic.

Maize haploid induction is associated with the following events and traits pertaining to pollen
development and function:

e twin-embryony or twinning &’

e single fertilization events and heterofertilization in ovules 14.21.25-27

e embryo and endosperm abortion %

e Segregation distortion of the ghirl HI QTL (mtl gene) - the major HI locus 231 .

Notwithstanding the above pollen abnormalities observed in Stock 6, pollen fertility appears
normal 63233 although the viability of inducer pollen might be slightly lower than the wild-type
pollen 32, The inducer pollen germinates normally, but it grows slower and is out-competed by

non-inducer pollen 2%, Each of the listed factors is discussed below.
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3. Nature of haploid induction

3.1. Twin Embryony (Polyembryony/Twinning)

Twin embryony during maize haploid induction was first reported by Sarkar & Coe 28, but
no definitive relationship between HIR and twin embryony was drawn 8, Interestingly, X-ray and
UV radiation of pollen have been reported to cause HI in maize, and to increase twin-embryony
rate 173, Elevated twin embryo-rate was observed in maize HI crosses by Qiu et al 6, which was
reportedly a confirmation of Li et al's *® results. It has further been shown that HIR is positively
correlated with twin-embryony 7. These twin embryos have been found in various combinations:
haploid-haploid, haploid-diploid, and diploid-diploid twins that can also include aneuploids 7.
This is not surprising as twin embryony is associated with haploids in more than 24 other
species 8.

3.2. Maize Haploid Inducer Pollen abnormalities

The commercially viable HI trait, which is dependent on the joint action of two QTLS,
ghirl and ghir8 loci (next section), is paternally determined *°. Single fertilization events and
abnormal pollen morphology (unequal sperm size, small sperm, or one big sperm) have been
observed in haploid inducers %¢. Haploid inducer pollen is associated with sperm cells of altered
morphology, which was hypothesized to be the cause of HI and which may explain the
observation of single fertilization events *. Haploid inducer pollen can also display aneuploidy
as evidenced by cytology and by single cell sequencing experiments 3237 This aneuploidy
starts as early as microsporogenesis, where more than or less than 10 bivalents are observed in
haploid inducers but not in normal inbreds 3. Qiu et al. 6 goes as far as suggesting that the
pollen mother cells are aneuploid themselves. Li et al 2, by single nuclei sequencing, observed
the formation of fragmented chromosomes in the sperms of the haploid inducer and suggested
that this genomic instability may lead to the HI trait. In conclusion, the pollen karyotype may be

defective, but its characterization is incomplete.
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Recent studies identified a burst in ROS (reactive oxygen species) after the generative
cell division (PM Il) in the haploid inducer pollen 3°4°, A regulated ROS burst is a classical
signature of programmed apoptotic cell death or cellular response to biotic conditions (e.g viral
or bacterial attacks) 41-%3. Additionally, harsh environments and chemicals such as UV light and
ozone that damage DNA cause a ROS burst in response to the DNA damage “*. On the other
hand, the unexpected accumulation of ROS such as by photosynthesis during high light
intensity also induces cellular and DNA damage 444,

It is possible the ROS burst seen in haploid inducer pollen is in response to DNA
damage and genome instability in the mutants. The damaged chromosomes are incapable of
participating in cell division. However, is this DNA damage a response or cause of the haploid
induction process? That is, is HI caused by damaged DNA or are “unincorporated
chromosomes” being destroyed as foreign DNA? Other ROS studies in different systems have
similar confounding observations where “. . . one cannot rule out that some of the DNA damage
observed in plants after exposure to stress is a consequence of the onset of PCD rather than
actual stress-induced DNA damage” *. It is likely that ROS is the cause of HI given that
knocking-out of a pollen specific peroxidase or treatment of pollen pre-pollination with chemicals
(Methimazole) that induce ROS production leads to HI “°. Peroxidases are involved in both

production and in response to excessive ROS production 4.

3.3. Partial transmission of paternal DNA and cellular content
during HI

In multiple haploid induction systems where haploidization results from genome
elimination, it is common to find chromosomes or chromosomal fragments from the haploid
inducer genome persisting in the progeny 4=%°. This has been interpreted as occasional
incomplete genome elimination, and has been observed in oat haploids from oat x maize
crosses, and barley haploids from inter-specific barley crosses 4"°%-52, Independent studies that
| was not able to access, but cited by others, claimed evidence of genomic instability, during
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maize HI, which includes laggards, micronuclei, chromosome bridges, aneuploidy and
mixoploidy, and rearranged chromosomes such a ring-chromosomes 62051:53-55 paternal DNA
transmission into an otherwise haploid zygote can in theory take place via addition of
independent paternal chromosomes (chromosome addition), or introgression (recombination of
paternal DNA with the maternal genome). Introgression has not been clearly demonstrated,
while multiple studies are consistent with addition.

Often, the maize haploid inducer addition chromosomes appeared unstable resulting in
mosaic (mixoploid) endosperm or radicles ¢2°%'. Endosperm aneuploidy increased gradually
from 5 DAP (day after pollination) to 13 DAP . Mixoploidy can be ascribed to different
endosperm sectors experiencing different rates of paternal chromosome elimination. Most cells
of HI cross progeny are either haploid (2n=10) or diploid (2n=20), with aneuploids at low
frequencies 2°. Curiously, | have been unable to find published evidence on the persistence of
addition chromosomes in adult maize plants. The maize HI system might be efficient at
generating euploid plants (either haploid or diploid). It was proposed that HI takes place very
early in embryogenesis in the form of paternal genome elimination. During early embryo
development, the aneuploid cells are outcompeted and their proportion decreases although
aneuploidy and mixoploidy might persist into the adult progeny 62051,

The use of CRISPR has shown that haploid induction in Stock6 derived-lines involves, to
some extent, the fusion of the egg and the sperm. By crossing wild-type lines to a haploid
inducer that expresses CRISPR-CAS9 and gRNA, CRISPR-CAS9-edited haploid plants can be
obtained °°. This could imply transient expression of the haploid inducer genome, or
transcription of haploid inducer pollen transcripts in the zygote or early embryo, or the transfer of
Cas9 nucleoprotein via the cytoplasm. The gene-edited haploids obtained from these Hl
crosses had no paternal DNA contamination 6. Together, the occasional presence of residual
paternal chromosomes and the transfer of paternally-expressed CRISPR reagents in the

haploids suggest some form of karyogamy.
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3.4. Heterofertilization

Heterofertilization as a phenomenon in maize was first reported by Sprague in 1929 and
described as the process that results in a genetically different embryo-endosperm pair caused
by delivery of genetically different sperm cells to the ovule 3. Heterofertilization is widespread in
maize and occurs naturally at different rates, dependent on genetic background 314,

The association of heterofertilization with maize HI was first suggested by Coe 2 when
studying Stock 6, the original haploid inducer line *. Haploid inducer pollen exhibits dramatically
increased heterofertilization rates compared to non-inducer pollen 252757, In one elegant
experiment, one maternal parent and two paternal parents (an inducer and a non-inducer) were
used. Pollen from both paternal parents was applied to the same silks but with a 4 hour delay
between the two pollinations. When inducer pollen was first applied, the heterofertilization rate
was much higher than when non-inducer pollen was applied first 2°. More direct evidence that
HIR is positively correlated with heterofertilization was obtained by comparing the
heterofertilization rates between related haploid inducers with different HIR .

The correlation between heterofertilization and haploid induction is probably related to
single-fertilization events (see next section). In Arabidopsis, single fertilization events cause
heterofertilization where a second pollen tube is attracted into an ovule as a fertilization
recovery mechanism %952, Interestingly, heterofertilization and haploid induction can also be
triggered by application of mitotic inhibitors on maize pollen, suggesting that these chemicals

affect pathways that are defective in maize haploid inducers 26:27:58:63,

3.5. Single fertilization & role of fusogen proteins

Improper egg-sperm cell fusion has been suggested as the cause of maize haploid
induction. Ovules and seeds lacking either embryo or endosperm are observed following a Hl
cross %25, This echoes a 1990 study that reportedly showed single fertilization events and
delayed development of either egg or central cell following pollination with HI pollen 364, This

prompted the hypothesis that haploids are formed when a single sperm fertilizes the central cell
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and the egg cell is stimulated to develop unfertilized 2¢. Unfused sperm cells have been
observed in the ovules with developing endosperms in the haploid induction crosses *. Similar
heterofertilization events are observed in various Arabidopsis egg-sperm fusion mutants (some
that are haploid inducers), in Solanum nigrum x Solanum luteum haploid induction cross, and
during apogamy in Zephyranthes texana (now known as Habranthus tubispathus or Atamosco
Lily)®56 61.65-67 | all of these cases, the pollen tube delivers the sperm pair to the ovule, after

which the sperm attaches to the egg without proper fusion/karyogamy.

3.6. Segregation distortion, and embryo & endosperm abortion

Seed abortion (no kernel development), embryo abortion (normal endosperm without an
embryo), and endosperm abortion (normal embryo without an endosperm) are all observed in
the maize HI crosses 2830316869 The direct link between HIR and embryo/endosperm abortion is
also observed when either of the HI causal genes (Matrilineal, MTL; and DUF679 domain
membrane protein, DMP. See below) is knocked out in non-inducer lines 3671, Genotyping
endosperm tissue of defective kernels and haploid kernels from a heterozygous haploid inducer
showed that these kernels always result from pollen grains that inherited the haploid induction
allele 2831,

Haploidy and kernel abortion reduce genetic transmission of the haploid inducer allele.
In a heterozygous background, where the wild-type and haploid inducer allele competition can
be measured, there is strong segregation distortion in seedlings against the haploid inducer
allele. This segregation distortion is present only when the haploid inducer is used as male and
absent when used as female 22303168 H] rate is variable depending on the female line used and
the amount of segregation distortion observed is correlated with observed HIR 3. Therefore,
segregation distortion is dependent on the efficiency of haploid formation. This distortion is also
observed when the HI causal gene (MTL) in the major QTL is artificially knocked out in non-
inducer background 3°. However, segregation distortion is not observed at the ghir8 QTL that

contains the DMP gene ®. Why dmp segregation is not distorted requires further investigation.
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However, | hypothesize that dmp segregation distortion occurs but remains undetected because
the dmp effect (0.1-0.3% HIR) is much lower compared to the mtl effect (3% HIR) "*’*. The

distortion would be observed in a study with larger sample size.

4. Mapping maize HIl genes

4.1. ghirl, the major HI QTL

Deimling et al. 2 identified two maize HI QTL, the major one being on chromosome 1 3.
QTL analysis of a different mapping population identified the same region on chromosome 1
(the gynogenesis inducer 1 (ggil) QTL; renamed ghirl in subsequent studies) as responsible for
HI. A different study used new populations derived from inducer x inducer, and non-inducer x
inducer crosses to identify eight QTLs with the two most important QTL, ghirl on chromosome 1
and ghir8 on chromosome 9, explaining 66% and 20% of HI variation respectively . ghirl was
then fine-mapped to a 243 kb region harboring the HI locus 2°. Using a novel technique that was
named “Conditional Haplotype Extension”, the ghirl region was partitioned into two regions -
ghirl1 and ghirl2 2. This was done by looking in the ghirl region for a haplotype shared by 53
inducers derived from 29 breeding programs. In all cases, they traced some ancestry to the
original Stock 6 inducer 4. Whereas this study correctly partitioned the ghirl, their conclusion
that subregion ghirl2 is responsible for HI was erroneous "3. The ghirll subregion of ghirl (with
13 genes & pseudogenes) was ultimately identified as responsible for HI 30697374 Three
independent genetic complementation studies identified a 4bp insertion in one of these genes,
encoding a presumed phospholipase, as the cause of HI in maize. The gene was named NOT-
LIKE-DAD (NLD), Phospholipase A 1 (PLA1), and Matrilineal (MTL) 3074 The name MTL is

used here.
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4.2. qghir8

The second QTL, ghir8, could explain 12-34% of genetic variance in populations derived
from crosses between two haploid inducers that are fixed for ghirl . The ghir8 QTL was fine-
mapped to a 789kb region that increased HIR and embryo abortion rate, but unlike ghirl, it did
not cause segregation distortion °. HIR and embryo abortion were inextricably linked. The ghir8
was further fine-mapped to a 138kb region and, finally, narrowed down to a 318bp region
harboring a non-synonymous amino acid change in the ZmDMP (DUF679 domain membrane
protein) gene. This lesion was shown to be responsible for HI, and verified using CRISPR/Cas9
knock-out of ZmDMP, and complementation “*. On its own, dmp knockout induced haploids in
the B73 inbred genetic background at a HIR of 0.1-0.3%. On the other hand, mtl HIR is 2-3%
but it increases to ~10% when combined with dmp “*. The synergistic increase in HIR caused by
the dmp-mtl double mutations suggest that these mutations affect different pathways converging

on (or affecting) the same Hl trait.

5. Maize Hl Genes

5.1. Phospholipase A1 (Matrilineal or NOT-LIKE-DAD)
The MTL (a.k.a NLD or PLA1) gene in ghirl HI QTL is expressed in pollen 30697475,

Introgressing mtl from Stock 6 background into the non-inducer background of the A188 inbred
line through backcrosses and selfing gives a paltry, but significant induction rate of ~0.81% in
BC2S1 plants ®°. This was attributed to the change in genetic background, i.e. in the loss during
backcrossing of other favorable Stock6 HI QTLs. Thus, on its own, mtl causes low rates of
haploid induction in maize.

The effect of genetic background was also demonstrated when transfering HIR to other
species. Knocking out the MTL ortholog in rice and wheat causes seed abortion and haploid

induction HIR as high as 6 -19% 37677, As in maize, rice pollen fertility and germination were
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not dramatically altered 283276 mt| knock-out in wheat caused 19% HIR, reduced seed set, and
occurrence of seeds lacking the embryo or both the embryo and endosperm 7.

Preliminary studies had suggested that MTL localized to the sperm cell membrane and
is expressed after pollen mitosis Il (PM 1) and during pollen tube growth %7475 However, a
more thorough subsequent study has shown that it is expressed in the vegetative cell, and that
the protein is localized on the membrane (endo-plasma membrane) that surrounds the sperm
cells ™. This was shown using fluorescently-labeled MTL, and by separating sperm cells from
the endomembrane. The tight association between sperm cell-membrane and endo-plasma
membrane might explain why early studies erroneously concluded that MTL was localized to the
sperm cell membrane 7.

MTL localizes to a membrane but does not have a membrane targeting signal.
Truncated mtl protein fails to localize to the endo-plasma membrane and remains cytosolic 7.
It is thought that positively charged protein domains interact with the negatively charged endo-
plasma membrane to anchor the protein in or on the membrane . Further, it was suggested
that chemical, physical or genetic disruption of the endo-plasma membrane might be a good
target for development of HI in other plants ™. It is possible that MTL is involved in the process
of gamete interaction, and MTL localization on the endo-plasma membrane surface is essential
for completion of signaling, adhesion or fusion of egg and sperm cells during fertilization, or for
separation of sperms from the male germ unit "8-8°, Recently, a reverse genetic study showed

that mutating a MTL-like pollen gene, ZmPLD3 (Phospholipase D3) results in HI &,

5.2. DMP

DMP proteins (DUF679 domain membrane protein) are conserved, plant-specific
proteins first discovered in Arabidopsis 8. DMPs have four transmembrane domains and
localize in membranes with both the carboxy and amino termini on the cytosolic side 628284,

Chlamydomonas reinhardtii and Physcomitrella patens genomes have one DMP gene while
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there are 5-13 DMP genes in dicots, and 11-16 in monocots. Arabidopsis has ten DMP genes -
DMP1 to DMP10 - with tissue specific expression patterns &,

While Arabidopsis DMP9 pollen-specific expression had been shown by Kasaras and
Kunze 8, its sperm-cell specificity and role in double-fertilization was first identified in a
comparative proteomic analysis study of Lilium longiflorum mature pollen and generative cell
microsomal fractions 2. The DMP9 transcripts accumulate after pollen mitosis | in the
generative cell and then in the sperms, with the protein likely localizing on the sperm-surface
rather than on the endo-membrane 2. This study showed that RNAi knockdown of DMP9
causes single fertilization events. A completely fertilized central cell was observed accompanied
by an unfertilized egg cell with the compact sperm cell(s) adhering on its surface in ovules 2.
This caused seed abortion. Sometimes, more than two sperm cells are attached to an egg,
suggesting polytubey 2. dmp9 single-fertilization events phenocopy other single-fertilization
Arabidopsis mutants such as DTA, CDKAL, FBL17, CAF1, etc 8%,

The above observations in Arabidopsis stimulated the hypothesis that DMP9 acts after
sperm attachment to the egg cell, and that it might be involved in the egg’s recognition of sperm
attachment %2, DMP9 is co-expressed with the sperm-specific sperm-egg adhesion protein,
GEX2 (Gamete Expressed 2) 8. DMP8 and DMP9 localize in the sperm cell membrane .
However, it might be that the protein is in the endo-plasma membrane as fluorescently tagged
DMP identified “signals at the sperm plasma membrane, including the membranous extension
associated with the vegetative nucleus” . This uncertainty echoes the previous
misidentification of MTL localization on the plasma membrane instead of the endo-plasma
membrane, which was due to poor resolution ’>. The above studies with dmp9 mutants did not
look for haploids in their progeny.

The role of DMP in haploid induction was first studied in maize following the mapping of
HI to a QTL that harbored DMP 7. Knocking out DMP in non-inducer inbred maize resulted in

low but significant HIR (0.1-0.3%), compared to 0% for the respective wild-type control. dmp
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knockouts, which cause haploid induction in both maize and Arabidopsis, and accompanying
complementation experiments confirmed the role of dmp in HI 784, The Arabidopsis dmp9
mutant induced haploids at a HIR of 0.4% while dmp8 induced haploids at a HIR 0.03%.
Combining these two mutations resulted in a HIR of 2% in dmp8,dmp9 double mutant .
Arabidopsis dmp8,dmp9 double mutants display normal pollen development and pollen tube
growth, and reduced seed set, but only when used as male %,

In maize HI, dmp utility results from its synergistic interaction with mtl to increase HIR "*.
Similar to maize haploid inducers, frequent single fertilization events were observed in
Arabidopsis dmp8-dmp9: 24.5% of ovules had a developing endosperm but lacked an embryo
83, This was due to a dramatic reduction of sperm-egg fusion, as only 43% of ovules were
fertilized 42 hours after pollination (compared to 98% in controls). A large proportion of the
ovules (57%) contained unfused sperms, sometimes with 2-4 sperms in the ovules with the
central-cell almost always fertilized . Normally, the double fertilization events happen within
minutes of each other in Arabidopsis. On the other hand, Arabidopsis dmp8-dmp9 sperm cells
linger in the ovule long after (>1.5 hours) the central cell has been fertilized and the endosperm
starts developing ®2#3. Curiously, these observations are consistent with those reported for
Solanum nigrum x Solanum luteum HI nearly a century ago . All these are signs of impaired
sperm fusion that are reminiscent of Enaleeva’s ® observations of single fertilization events in
maize 25,33,58,64.

In Arabidopsis dmp8-dmp9, the majority (59%) of unfused sperms that attached to the
eggs were in pairs, leading to the hypothesis that there might be a problem with the two sperm
cells separating after adhering to the egg 3. Might it be that the endo-plasma membrane does
not re-organize to release sperm cells for fusion? Might the fact that the sperm-pair does not
separate explain the observation of mixoploidy and aneuploidy in endosperms in maize Hl

crosses?
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The striking similarities between maize and Arabidopsis DMP-based HI argue that the
cause of maize Hl is aberrant double-fertilization, which also results in single-fertilization,
polytubey and heterofertilization. The disruption of double fertilization is through impairment of
egg-sperm fusion. This impairment of egg-sperm fusion might be physical (the membranes are
unable to fuse), communicative (proper signals between egg and sperm are not relayed or
detected), or both. It is unclear if DMP-based HI causes inducer chromosome addition. All the
maize and Arabidopsis studies that have sequenced presumed haploid plants have not
observed haploid inducer chromosome addition or introgression %624, However, we can
confidently conclude that both DMP and MTL are localized in sperm-membranes, likely the
endo-plasma membrane, which helps explain why combining ghirl (mtl) and ghir8 (dmp)

increases maize HIR synergistically. Different pathways converge on the membrane.

5.3. Phospholipase D3 (PLD3)

To test the role of cell lipid membranes in the process of haploid induction, Li et al 8
performed a reverse genetics study. They identified a pollen specific phospholipase,
Phospholipase D3 (PLD3), expressed highly in mature pollen grains. Knocking out the PLD3
resulted in self haploid induction in a non-inducing genetic background at a HIR of 0.9%. This
rate is similar to that of the mtl mutant (HIR=1.19%). A double knockout of mtl and pld3 resulted
in synergistic haploid induction rate from around 1% for the single mutants to 4.13% for the
double mutant. The authors could not obtain a triple mutant of mtl-pld3-dmp. However, the
double mutant mtl-dmp in a heterozygous pld3 (+/-) background resulted in a HIR over 7%. The
PLD3 gene is not within a region known to have a HI QTL, but this may be explained by lack of
variation at this locus 8. This is the first reverse-genetics study to identify a novel haploid
induction gene. The fact that a triple mutant could not be obtained for the three genes points to

their essentiality in double fertilization.
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6. Possible mechanisms for maize Hi

As suggested here and in the literature, maize Hl is likely the result of defective
interaction between the sperm and egg membranes 30%%7487 Tg understand how this might
result in haploid induction, we need to first consider the mechanism of double fertilization and
fertilization recovery using Arabidopsis as a model °°. The ovule contains two synergid cells
whose signals attract the pollen tube to the ovule. The pollen tube enters the ovule through the
micropyle and bursts to release the two sperm cells leading to subsequent degeneration of one
of the synergid cells. This synergid is called the receptive synergid while the other intact
synergid is called the persistent synergid.

Within 4-10 minutes of each other, one sperm cell fuses with the egg cell and the other
one fuses with the central cell 7> | The binary fusion events, specifically egg-sperm fusion,
prevent attraction of additional pollen tubes to the ovule ¢’. The surviving synergid persists for
some time, but is incapable of pollen tube attraction. This suggests that successful egg-sperm
fusion or events following fusion emit signals that block the persistent synergid’s ability to attract
pollen tubes. Either production of the pollen tube attractants by synergids is blocked or the
signals are neutralized. The fertilized egg, now a zygote, gains competency for division and
growth into an embryo. Expression of male specific or imprinted genes such as BABYBOOM
(BBM) is known to activate the egg to develop into a growth-competent zygote 1.

However, lack of gametic fusion (as in Arabidopsis duol, dmp8-dmp9, hap2 (gcsl),
gex2, or duo3 mutants), triggers a process called fertilization recovery. After a long delay, the
persistent synergid attracts a second pollen tube %0678 Thijs second pollen tube delivers two
sperm cells to the ovule, one of which will fuse with the egg. The result is a heterofertilized
ovule. Following successful egg-sperm fusion in the second attempt, the persistent synergid
degenerates and there is no further attraction of pollen tubes. However, if fertilization by the

second pollen tube fails, the persistent synergid will continue attracting more pollen tubes 6267,
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Fertilization recovery is thought to be an evolutionary mechanism that increases the chances of
successful formation of a seed.

For successful egg-sperm fusion, there must be communication between the egg and
the sperm. The egg secretes small-peptides, called Egg Cell 1 (EC1), that are recognized by the
sperm. The sperm responds by expressing the surface fusogen protein HAP2 (a.k.a GCS1,
Hapless 2 or Generative Cell Specific 1) 8%, which is required for the sperm’s fusion with the
egg %%, Normally, the sperm cell pair delivered by the pollen tube is enclosed in an endo-
plasma membrane and is deposited in a region between the egg and the central cell .
Reception of EC1 by the sperm cells results in sperm membrane reorganization. As part of this
reorganization, the sperm HAP2 protein localizes from the endomembrane to the sperm cell
membrane, and activates sperm for fusion 899, The five EC1 genes in Arabidopsis are
functionally redundant. Knocking out any one of them does not result in a change in phenotype.
However, simultaneously knocking down these five EC1 genes results in deposition of multiple
sperm cells that do not fuse with the egg in the ovule 883, This outcome phenocopies hap2,
duol, duo3, dta, cdkal, fbl17, cafl or dmp8-dmp9 mutants whose sperms are incapable of
fusing with the egg 59:83:91.95.96,

In summary, the above observations strongly suggest that disruption of communication
between the egg and the sperm can block gamete fusion. In turn, failure of gamete fusion
stimulates heterofertilization. As already discussed, maize Hl is caused by mutations in an egg-
sperm fusogen (DMP) and in a sperm endo-membrane-localized protein (MTL). Knocking-out
DMP in Arabidopsis results, as in maize haploid inducers, in protracted persistence of unfused
sperms in the ovules 3362718384 \We can also reconcile HI and HI-associated traits that include
single fertilization events, polytubey, heterofertilization, seed death, and segregation distortion
21,25-2764 polyembryony is more difficult to explain. Perhaps, failure of egg-cell fusion can

activate remedial pathways that recruit somatic or egg sac cells into embryogeny. More
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importantly, how does HI happen given the knowledge of events leading to HI? Specifically, is
maize HI due to genome elimination, parthenogenesis, or neither?

I hypothesize the following. First, dmp and mtl knockouts contribute in different ways to
the function and performance of the membrane in gamete fusion, and are thus synergistic. This
is similar to the Arabidopsis single dmp8 and dmp9 mutations that result in low HIRs of 0.03%
and 0.4%, respectively. The HIR elevates synergistically to 2.11% in the dmp8-dmp9 double
mutant due to the redundancy of the two DMP genes . The maize dmp and mtl interaction is
not due to redundancy, but to the likely convergence of two different pathways on the same trait.
A single mutant is less effective at HI due to compensatory mechanisms. The interaction
between the two mutations (mtl and dmp) might occur as follows. If mtl triggered ROS damage
the genome and prevent its transmission, such damage may be time-dependent. The dmp
mutations could slow down fertilization allowing excessive damage and increasing the rate of
chromosome transmission failure. Other compensatory mechanisms may function through the
multi-layered regulation in gamete signaling, gamete recognition, gamete adhesion, and gamete
fusion.

Second, defective dmp or mtl proteins lead to lack of proper communication or physical
interaction between the egg and sperm, which results in delayed or stalled gamete activation,
fertilization, or zygotic activation. Third, events following these defects lead to haploid induction
according to one of the models discussed below. These models have some overlap. A good HI
model must account for and explain the following:

1. Abnormal fertilization (single fertilization and heterofertilization)
2. Occasional chromosome transfer
3. Transmission of CRISPR factors (either as RNAs or nucleoprotein) to the egg during Hl
The following models are proposed or considered.
1. Abnormal egg fertilization

1.1.  Zygotic induction
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1.1.1. Delay-triggered (time-dependent egg proliferation)

1.1.2.  Pseudo fertilization (sperm leakage of activating factors)

1.1.3. Polytubey and synergid degeneration (synergid egg-block release)
2. True fertilization with subsequent genome elimination
3.  Semigamy

As explained below, | favor the egg zygotic induction model through pseudofertilization (Figure 1

and Figure 2)

6.1. Abnormal egg fertilization

Abnormal egg fertilization with or without post-zygotic induction accidental transfer of

cytoplasm and chromosomes could occur in one of the following ways.

6.1.1. Model 1: Delay-triggered (Time-dependent Eqqg
proliferation)

In certain cases, even with polytubey mediated by fertilization recovery through the

persistent synergid, the egg-sperm fusion does not take place, presumably due to the sperms
being defective in their fusion or signaling proteins. Lack of proper fusion delays the acquisition
of zygotic fate by the egg. As a final attempt to form a seed, the egg acquires zygotic fate
dependent on the extended time. Thus the egg acquires zygotic identity independent of sperm
contribution and undergo mitosis to form a parthenogenetic haploid embryo. At the same time,
fertilization-dependent endosperm development proceeds while the egg-sperm fusion is stalled.
Once zygotic division starts, if a sperm is adhering to the egg, the parthenogenetic
zygote may capture sperm components via membrane fusion during cell division-based
membrane reorganization. It may be even possible that male chromosomes remain in the
zygotic cytoplasm and form micronuclei. These extranuclear paternal chromosomes would be

incompetent for cell division (are improperly condensed, have inactive centromeres, or are
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unstable in the cytoplasmic environment). Within the micronuclei, they are susceptible to attack
by nucleases and either undergo elimination or occasionally are rescued into the nucleus
proper. Occasionally, if paternal chromosomes are rescued, aneuploids or mixoploids would
result. In this model, sperm attachment to the egg is not a prerequisite for the zygotic activation.
Rather, the central feature to this model is the protracted time the egg is unfertilized, and the
autonomous acquisition of zygotic fate Figure 1. This model explains single-fertilization events
(and heterofertilization), transfer of pollen-derived CRISPR components, and occasional

addition chromosomes in otherwise haploid backgrounds.

6.1.2. Model 2: Pseudo-fertilization (sperm leakage of
activating factors)

In the pseudo-fertilization model, the sperm attaches to the egg cell and provides a

zygotic activation factor. The sperm-membrane and egg membrane interact sub-optimally,
mimicking proper plasmogamy or karyogamy. The transfer of sperm- signals (e.g mRNA, small
RNAs, proteins, peptides, or small molecules) resembles that taking place during successful
gamete fusion. Thus, the egg acquires zygotic fate. Stalled, improper, or incomplete egg-sperm
fusion results in partial transfer of sperm cytoplasm or sperm membrane components to the egg

during zygotic cell division (Eigure 1 and Figure 2). These events and outcomes resemble those

in Model 1 and 2. This model explains abnormal fertilization events, transfer of CRISPR
components and occasional inheritance of haploid inducer chromosomes.
The central feature of this model is the incomplete plasmogamy and possibly karyogamy

triggering signals for zygote activation.

6.1.3. Model 3: Polytubey and synerqid degeneration
(synerqgid eqg-block release)

In a third model, in addition to attracting pollen tubes to the ovule, synergids may release

factors that block the egg from acquiring zygotic fate: | call these “synergid egg-block”. This
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block is only overcome when the egg is fertilized. Successful fertilization blocks the attraction of
a second tube to the ovule and causes the degeneration of the synergid 616797,

With a persistent synergid, the egg cell does not develop unless it is fertilized. Both
synergids have been shown to degenerate even without egg fertilization °’. After attraction of
multiple pollen tubes, without subsequent egg fertilization, both synergids may degenerate and
the synergid egg-block signal dissipates. The egg could then acquire zygotic fate and develop

into a parthenogenetic haploid embryo (Figure 1 and Figure 2). Testing this model might help

determine if this mechanism exists and functions in ensuring formation of a seed (after
unsuccessful fertilization) as opposed to having no seed at all. Even though haploid plants have
lower fitness, they are known to produce viable seeds through either somatic tissue doubling or
all univalents segregating to the same pole in meiosis | +%8-1%, Dihaploids from tetraploid plants
like potato produce viable seeds.

The central feature to this model is programmed synergid death due to attraction of
multiple pollen tubes with concurrent loss of synergid egg-block. The synergid egg-block release

model is not mutually exclusive from the time-dependent fertilization recovery.

6.2. Model 4: Uniparental chromosome elimination (Genome
elimination)

This is the simplest explanation for maize haploid induction. Defective MTL or DMP

proteins lead to unstable membranes, which can lead to genome instability before or after
gamete fusion via i) direct DNA damage or ii) malfunction of sperm proteins required for
genome stability, such as kinetochores, or DNA replication factors, or nuclear membrane
function. Unstable membranes can expose DNA to the DNA-toxic cytoplasmic and extracellular
environments (including in the ovules where the mutant sperm linger). Damaged chromosomes

would fail replication and/or missegregate during zygotic and embryonic cell division.

20


https://paperpile.com/c/UjNfoH/Tqeop+h1NAw+dZkJ1
https://paperpile.com/c/UjNfoH/h1NAw
https://paperpile.com/c/UjNfoH/AnXOL+NSLz+AFJz+XVlb

Additionally, if the timing of zygotic activation is off with respect to karyogamy, late incorporation
into the egg nucleus would cause the paternal chromosomes to be late for zygotic divisions,
leading to instability of these chromosomes and their eventual elimination. This would be similar
to haploid induction in Arabidopsis through CENH3 manipulation (Figure 1) 4101102,

The central feature of this model is genome instability as a result of membrane abnormalities or
delayed karyogamy. This model does not account for the single fertilization and
heterofertilization events sufficiently. It could be argued that sperms that are undergoing DNA-
damage and membrane instability have compromised cellular functions including transcription,
translation, and signaling, are incompeptent of carrying out their biological functions including

fertilization.

6.3. Model 5: Semigamy

Semigamy is “the phenomenon of independent division of both the sperm nucleus and

the egg nucleus in the egg cytoplasm” that has been reported in several genera 193104,
Semigamy is a mechanism of HI that does not seem applicable to maize. HI due to semigamy
was considered a possible mechanism by Xu et al. 28 but the authors concluded that
chromosome elimination was the most plausible mechanism. Semigamy gives rise to diploid,
haploid, or sector diploid-haploid plants in cotton. The haploid from a single cross can be either
paternal or maternal, or maternal-paternal haploid chimera 1°41%, Similar phenomenon has
been observed in cacao 1%. Based on the extensive data discussed above, semigamy does not
seem like a plausible mechanism for maize HI. However, it is a good explanation for

polyembryony.

7. Conclusion and Future directions

The set of events between parental meiosis and filial embryo are concatenated

processes along a continuum that involves precise signaling and the interaction of matched
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components. Any deviation from the normal trajectory and disruption of part of the process
could result in improper chromosome inheritance, such as during HI. In this chapter, | have
reviewed 60 years of literature on maize HI and created models that attempt to explain maize
Stock6-based haploid induction. Models 1-4 have considerable overlaps and fulfill the criteria
set above for a good model explaining haploid induction in maize. These models are applicable
to both potato and maize haploid induction systems. Maize HI (discussed here) and potato Hl
(next section) have striking similarities; specifically, a fertilized endosperm being accompanied
by an unfertilized egg or haploid embryo early in seed development, abnormal pollen
morphologies that do not affect pollen germination, and very low rates of paternal DNA
contamination 49:107-109,

The pseudo-fertilization model is the most attractive. It is bolstered by the observation of
sperms attached to the egg in both the maize haploid inducers and dmp8-dmp9 Arabidopsis
mutants 483119 The time-dependent egg proliferation and synergid egg-block release models
need to be explored further. These two models predict that abolishment of egg fertilization (with
or without sperm-egg adhesion) would lead to haploid induction. This has not been observed
yet. Studying egg-fertilization mutants, female or male mediated, would help explore the models
88,92,93,111'

All the models discussed above can guide future experiments to study gamete
dynamics, double fertilization, and haploid induction. The knowledge gained therein can be
used to make more efficient haploid inducers in maize and other plant systems. One low-
hanging fruit is to combine known single-fertilization mutants such as cdkal, gex2, hap2, et
cetera with mtl and dmp both in monocots and dicots in attempts to increase haploid induction.

The knowledge of how these systems work could be expanded by transcriptomics,
proteomics, and protein-complex analysis in pollen generative nuclei and sperm, and ovules
obtained within the normal fertilization windows (temporal and developmental) following

pollinations using inducer and wild-type pollen. MTL, DMP, or PLD3-based antibodies or
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protein-tags would allow us to isolate interaction partners and complexes that are involved in the
process of double fertilization. Transcriptomics work can be used to create co-expression
networks that can help predict DMP and MTL protein partners, as well as identify differentially
regulated genes between inducers and non-inducers.

Another simple, but very effective method is a suppressor screen experiment. Stock6-
based haploid inducers have high rate of embryo and kernel abortion. After EMS mutagenesis
on these haploid inducers, one could search in the M1 and M2 populations for mutants that
restore kernel and embryo development . In maize, full cob analysis would be effective. These
relatively simple and cost-effective experiments might allow identification of both male and

female factors that influence haploid induction.
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Chapter 2: A Review of Potato Haploid
Induction (HI) & the Evolutionary Significance
of HI

1. Brief introduction

Potato is an important food crop. Wild potato was consumed in South America as early

as 12,500 years ago and was domesticated from wild tuber-bearing Solanum species about
7,000 years ago 2113, The domestication took place in the Andes mountain highlands in the
region between Peru and Bolivia, with a possible second domestication in Chile!!2113, Potato
has more than 200 wild species, the most of any crop plant 2. The wild relatives occupy
multiple highly diverse environments of South America and are usually found in mixed-ploidy
populations that range from diploid to hexaploid species 112113114 a115b,

Modern commercial potato varieties are autotetraploids derived from a few plants that
were imported from South America to Europe, and then introduced around the world 16117,
Commercial potato varieties, therefore, have a very narrow genetic base. Additionally, some of
the most important varieties such as Russet Burbank, the world’s foremost french fries potato
variety, have not been improved since they were first released more than a century ago 8.
Potato varieties are heterozygous, with a high genetic load, and are propagated vegetatively
through tubers to maintain this heterozygosity and agronomically important trait combinations
119120 Most of the wild potato accessions and species are diploid, and contain a wealth of
genetic resources that can most readily be accessed through introgression at the 2X level 121122,
Potato breeders have come up with ingenious methods of breeding potato that overcome ploidy
barriers and avoid formation of triploids that are expected from tetraploid x diploid potato
crosses. This involves use of unreduced gametes in diploid backgrounds to make tetraploid
hybrids. However, the most practical method is the use of potato strain strains called haploid
inducers. Haploid inducers are used to obtain dihaploids, which are haploids derived from
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tetraploid parents. Dihaploids are diploid, and are used as genetic bridges between the
cultivated and diploid wild accessions. The dihaploids are critical because they also allow
breeding at the diploid level, which helps avoid the tetrasomic inheritance connected to
tetraploid breeding. Haploids from polyploids are called polyhaploids. Specifically, haploids from
tetraploids and hexaploids are called dihaploids and trihaploids, respectively, while those from
diploids or dihaploids are called monoploids (monohaploids) 123125,

In comparison to the well-studied maize haploid induction system, very little is known
about potato haploid induction despite the two systems being discovered around the same time
in the 1950s, and their universal adoption in breeding programs. One of the earliest reports of a
potato haploid was by Ivanovskaja ?°. This haploid was obtained by pollinating a tetraploid
potato variety with a diploid male *?’. Additional reports of haploid plants derived from genetic
crosses involving hexaploid or tetraploid potato species appeared in the 1950s 127139, Following
t'2hese developments, particularly with one tetraploid variety (Katahdin) with 10% haploids
among its progeny, it was suggested that breeding potato at the diploid level might be
advantageous and should be prioritized %131, The resulting efforts led to identification of
selected diploid clones derived from a single S. tuberosum group Phureja accession (P.I.
225682) that were efficient at haploid induction 32,

Most of the literature prior to 1970 that reported potato haploids used various diploid
potato accessions or species as haploid inducers. In particular, Phureja accessions have been
cited extensively as capable of inducing haploids. Due to taxonomic classification challenges,
different Phureja accessions that were used to produce haploids bore, prior to 1970, different
names such as S. rybinii, S. ascasabii, S. stenotomum, S. tuberosum Group Stenotomum, or S.
tuberosum Group Phureja 128129.133-136 Other names used to refer to Phureja in the past include
S. boyacense, S. canariense, S. cardenasii, S. kesselbrenneri and S. phureja **". According to
the US Department of Agriculture taxonomists additional names include S. apurimaceme, S

.goniocalyx, S. herrerae, S. hygrothermicum, S .mammilliferum, S. chaucha, and S. chiloense 138,.
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Recently, the entire Phureja group has been collapsed into Solanum tuberosum supsp.
Andigenum according to taxonomists at the United States Department of Agriculture Potato
Germplasm Repository 128, All these accessions will be referred to as Phureja in this publication
(despite previous or current classification). Additionally, other distinct, diploid non-Phureja wild
potato species such as S. torlapanum (S. toralapanum), S. microdontum (formerly S.
simplicifolium), and S. chomatophilum are also known to induce haploids 128:129.139-141,

Haploid induction in potato is not confined to polyploid x diploid crosses. For example, a
haploid plant has been derived from tetraploid Solanum chaucha (now classified as Solanum
tuberosum supsp. Andigenum) by crossing it to a tetraploid Solanum tuberosum 42, However,
this is not a typical haploid induction cross, and the haploid obtained was a polyembryonic twin
of a tetraploid. That a haploid was found in a polyembryonic seed is not surprising.
Polyembryony is associated with HI in maize, and Gossypium inter-specific haploid induction,
and in many other species during genetic, chemical or physical haploid induction 8.

Haploid induction in potato, just like maize haploid induction, is dependent on both the
female and male genotype 132140.143.144 Tq fylly utilize haploid breeding, a rapid screening
procedure for potential haploids using dominant genetic markers was suggested by Peloquin
and Hougas * and implemented by Hermsen and Verdenius ¢, Some of the resulting haploid
inducers, IvP-35, 48 and 101, have since then been used in potato breeding programs. They
are diploid Phureja lines homozygous for genes that deposit anthocyanin on internodes. This
trait appears on the embryo as a spot that is visible on the seed thus providing a simple, cheap,
and quick screening tool for putative haploids (Figure 3) 144146

Tetraploid varieties that are haploidized are usually S. tuberosum group Tuberosum or
S. tuberosum group Andigena. These tetraploids are recessive for the seed embryo spot trait.
Following a tetraploid x haploid inducer cross, all spotted seeds are presumed hybrid, and are
therefore discarded. The non-spotted seeds are grown out and tested for haploidy to distinguish

haploids from accidental selfs or hybrid escapes.
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Even though haploid inducers are typically used with the tetraploid varieties, haploid
induction is not restricted to tetraploid x (diploid) haploid inducers. The haploid inducers can
also induce haploids on diploid (including dihaploid) potatoes and on some wild potato species
1477181 " Similarly, HI can occur in hexaploids such as S. demissum, and octoploids (chromosome
doubled tetraploids) S. stoloniferum and S. fendleri 128129152 |n this section, the term ‘HI cross’
will refer to the 4X x 2X haploid induction cross. In all these potato crosses, haploid induction
rate (HIR) is measured as the number of haploids per berry (h/b).

The mechanism of haploid induction in potatoes is poorly understood. Two competing
hypotheses have been put forth to explain haploid induction in potatoes: parthenogenesis 107199,
and genome elimination 53155 We will discuss these, as well as propose new alternative

hypotheses.

2. The Genetics of potato Haploid Induction

The haploid induction trait is genetically determined and can therefore be inherited and
bred into various backgrounds 32140146 Gabert 132, while studying the ancestor of modern
haploid inducers, concluded based on limited data that haploid induction is a recessive trait
controlled by a single gene. He studied seventy seedlings of heirloom variety, Pl 225682,
collected in a local market in Narifio, Colombia in 1948 °¢. He identified three plants named
Phureja (Phu) 1.1, 1.13, and 1.22 (or plants 225682.1, 225682.13 and 225682.22 respectively)
with HIR that were 10-63 fold higher than in the rest of the material. He called these “superior”
haploid inducers. Phu 1.22 has been clonally maintained to this day and is deposited at the
USDA Germplasm Collection. It is the ancestor to all modern haploid inducers #4146, Based on
the fact that only three of the seventy plants analyzed (less than 5%) were superior haploid
inducers, | conclude that both low and very high rates of haploid induction segregate in this

accession ¥, This trait (high rates of HI) is heritable and therefore genetically controlled.
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Van Breukelen ! studied a population bred by Hermsen 3 for the haploid-screening
embryo spot trait. He concluded that haploid induction is controlled by multiple genes, and that
the genes were semi-dominant. This population was derived from a cross between two
accessions - the embryo spot parent (accession Pl 225702, low HIR = 0.08 h/b) and the HI
parent (Phu 1.22, relatively high HIR = 0.4 h/b) 4. Pl 225702 was collected in 1948 at a market
in Valle del Cauca, Colombia 7. HIR within the F2 population varied widely. Some of the F2
individuals in the population exhibited higher HI rates than either of the parents.

In yet a different experiment, Hermsen % crossed a moderate haploid inducer (HIR =
0.125 h/b) to a wild type (HIR = 0.0 h/b) and obtained both superior (HIR=0.90 and 0.462 h/b)
and inferior (HIR = 0.024 and 0.055 h/b) haploid inducers in the F1 ¢, Similarly, Van Breukelen
151 crossed plants with different rates of HI and obtained analogous results. |, too, observed
similar outcomes in the population | characterized (see chapter 3). These observations suggest
that more than one gene in Phureja causes haploid induction. A weaker HI locus (or loci) of PI
225702, potentially heterozygous, caused the low haploid induction 132:136.146.151 "1t is possible
that the very high rates of HI in some of the IvP lines involve synergism with this second,
weaker HI gene. Table 1 lists these historical lines.

Besides Pl 225702 and Pl 225682, there are several other accessions that have been
reported to induce haploids at low rates including Phureja accessions Pl 225672, Pl 195198, PI
225683, Pl 273453, Pl 225698, Pl 225675, and several other poorly defined accessions; and
finally other close wild potato species such as Solanum simplicifolium (now reclassified as S.
microdontum; Pl 218222), S. vernei, S. megistacrolobum, S. macmillanii (S. millanii?), S.
canasense and S. tarijense 128-130.133,139.140.158-163 |t seems that the genes favoring haploid
induction exist in various apparently unrelated Phureja accessions. Whether these genes and
alleles are the same is unknown. It is also not clear whether these Phureja HI genes and alleles

are related to the ones that cause HI in the wild potato species.
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Phureja accessions are maintained by sib intercrossing. Phureja accession Pl 225682,
the source of modern high HIR haploid inducers, had 4.2% of individuals displaying very high
rates of HI unseen in any other accessions. The majority of the individuals displayed low HIR
comparable to HI in other accessions. | hypothesize that accession Pl 225682 is polymorphic for
the widespread HI gene(s) that cause low rates of haploid induction. The HI alleles at this locus
are ancestral and common in Phureja. | call this HI locus Basal (B). The superior haploid
inducers, on the other hand, are caused by an uncommon allele at a different gene. | call this
high HIR gene H. In summary, | hypothesize that there are two major-effect QTLs, and that one
of the genes (H) is semi-dominant with larger effect (hh=0, Hh=some HI, HH= highest HI). The

B locus action is unclear, but could be recessive.

3. Possible Mechanisms for potato haploid
Induction

Considering the available information, the nature of haploid induction in potato remains
an open question whose answer has multiple implications. Is haploid induction caused by a rare
genetic mutation, a low-frequency allele that exists in Phureja populations, a common allele in
Phureja populations, or a combination of these? Is there an evolutionary explanation for the
presence of these haploid inducing alleles in populations? Is the occurrence of haploid inducing
alleles in wild populations common in other genera and families? Here, | discuss two
hypotheses that explain the presence of HI alleles in many potato accessions, and the nature of

HI in general: The fertilization barrier hypothesis and the Ploidy-Flux hypothesis.

3.1. Evolution of D-M (Dobzhansky-Muller) incompatibilities

The fertilization barrier hypothesis is based on the Dobzhansky-Muller incompatibilities
(DMI) model %4, The fusion of an egg and sperm, which is essential for sexual reproduction, is
precisely co-ordinated. The DMI hypothesis postulates that dsyfunctional interactions between

diverged factors (from individuals with different evolutionary histories) involved in sexual
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reproduction compromise plasmogamy, karyogamy or other sexual development programs.
While compromised, the interactions could still succeed in activating the zygotic phase of the
egg and in production of haploids. The interlocus contest evolution (ICE) theory hypothesizes
that male and female factors evolve rapidly within a population 1¢°. To maintain species barriers,
co-evolution of reproductive traits within any species is expected to be rapid compared to non-
reproductive traits %6, The male and female signals and proteins that are involved in gamete
interaction co-evolve to result in an optimal gamete fusion process within a species, but may fail
when interspecific gametes interact due to divergence and mismatch of cognate interacting
factors %6, As divergence increases, failing interactions between gametic factors may be
sufficient to trigger egg development through transmission of egg-activating factors or by ligands
binding receptors that activate the egg. This would result in pseudo-fertilization (Figure 1 and
Figure 2). Another example of the outcomes of suboptimal interaction of cognate factors from
different populations is the control of seed (endosperm) size of hybrids ¢’

It is well-established that interspecific crosses can result in haploid induction. This has
been observed in the grasses including wheat (Triticum) species, barley (Hordeum) species,
wheat x maize, triticale x maize, rye x maize, oats x maize, sorghum (Sorghum) species,
Aegilops longissima x Triticum durum, wheat x pearl millet, wheat x Sorghum, wheat x Aegilops
cylindrica, and wheat x Imperata cylindrica; and in eudicots including in Datura species,
Oenothera species, Solanum nigrum x Solanum Luteum, Nicotiana species, Crepis species,
and Cotton (Gossypium) species; and close potato relatives S. polytrichon x S. stoloniferum, S.
chacoense x Phureja, and S. acaule x Phureja, S. verrucosum x Phureja, S. etuberosum x
Phureja, S. bulbocastanum x Phureja 13¢:139168-177 The fact that this is such a common
occurrence in different inter-specific crosses, including many between Solanaceae species,
suggests that the mechanism underlying HI in different potato crosses might be similar. In this
scenario, reproductive factors between different species or populations have diverged. In

potato, the diploid Phureja lineage and the tetraploid populations may be speciating but have
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not evolved enough to have robust species barriers to prevent hybridization. Potato species and
accessions coexist in a series of ploidies including diploids, tetraploids, and hexaploids with
extensive gene flow that blurs taxonomic (“accession”) boundaries 37:178-180,

In the above scenarios, emerging interspecific reproductive barriers result in high seed
lethality and haploids from selected crosses. A candidate for this type of haploid induction is
observed in wide-crosses in Solanum nigrum x Solanum luteum . Phenotypically, it is similar to
apogamy in Zephyranthes texana (now known as Habranthus tubispathus or Atamosco Lily) 6566,
Some features of haploid induction in wide crosses may be similar to haploid induction in maize
and potato 326109 Qld reports suggested that the pollen tube enters the ovule, delivers sperm
that attaches to the egg, but either never fuses with the egg or with the nucleus %1€, This could
be explained if the species differ in ligand-receptor specificities responsible for proper
communication and fusion between egg and sperm. In the case of Atamosco Lily apogamy and
of several other species, the sperm delivers its nucleus in the egg but karyogamy does not take
place . The connected ligand-receptor interaction may be such that even without karyogamy,
there is sufficient egg-sperm interaction to activate the egg’s zygotic fate during Atamosco Lily’s
apogamy. Similar occurrences could theoretically take place in haploid inducing crosses as a
result of faulty gamete interactions that can sometimes result in haploids, hybrids and
undeveloped seed.

Consistent with progressive divergence, wide-crosses that result in haploid induction
seem to be more efficient between closely related species (usually in the same genus) such as
among Gossypium (cotton), Hordeum, Datura, Nicotiana species, Crepis, and Oenothera
Species 8,65,136,139,168,171,172,174,181,182.

The higher the parental divergence, the less effective haploid induction or hybridization
should be due to weakening of interactions. Indeed, haploid induction in all reported inter-
genera crosses requires embryo rescue, usually due to endosperm failure 2. Rescue is not

required for some of the intra-genera interspecific crosses. The co-evolution of mating factors
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would also be expected in the central and sperm cells interaction, and hence affect endosperm
formation. This is not a new idea. According to Sophia Satina, “It must be confessed that the
more distinct two taxonomic groups are one from the other, the more difficult it generally is to
secure hybrids between them” 183,

Haploid induction, in these cases, is not caused by a random mutation that is
either neutral or deleterious. Instead, it is caused by divergence of coevolved factors that

cannot combine between populations or that interact suboptimally.

The above considerations explain the occurrence of HI in distant matings. But, why
would haploid induction persist in mixed-ploidy and sympatric potato populations that regularly
have inter-ploidy and inter-accession matings? Why are haploid induction alleles not purged by
negative selection? | hypothesize that weak, suboptimal egg-sperm interactions are under
negative frequency-dependent selection in some species with mixed-ploidies such as potato.
During negative frequency-dependent selection, "relatively rare variants have a selective
advantage over more common variants and thus tend to increase in frequency and avoid local
extinction” 184, Note that the increase in the frequency of variants under negative frequency-
dependent selection is inversely correlated with fitness. Alleles that compromise fertilization will
be purged by purifying selection in uniform ploidy species or populations such as the diploid
tomato. On the other hand, the HI alleles allow gene flow during the inter-ploidy intraspecific and
inter-specific potato matings by ensuring formation of fertile euploid (diploid or tetraploid)

progeny (Figure 4, and Figure 5). This property will be discussed below in my “Ploidy Flux

hypothesis”.

3.2. Parthenogenesis and Pseudo-fertilization Hypotheses
The parthenogenesis hypothesis postulates that an unfertilized egg can initiate zygotic

growth in the presence of a functional endosperm 1%, Wangenheim et al °® was the first to

suggest that the potato haploids are formed parthenogenetically and after a restitution 2n sperm
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fuses with the central cell in the 4X x 2X HI cross . Nuclei restitution (restituted cell) is the
formation of nuclei (cell) with double the normal chromosome number due to incomplete cell
division #5187 Of about a hundred ovules analyzed following a potato HI cross, only one had a
pentaploid endosperm and it was accompanied by a triploid embryo. 99% (96 of 97 ovules) of
well-developed embryos had hexaploid endosperm (4X central cell + 2X sperm) showing that
2X=2n sperms from the diploid were responsible for most of the progeny °°. Five ovules
contained haploid embryos accompanied by hexaploid endosperm. This is consistent with
central cell fertilization by a 2n sperm. Further, more than thirty ovules contained no developing
embryo, but displayed a developing hexaploid endosperm %, This is reminiscent of maize
haploid induction and Arabidopsis single-fertilization mutants where the endosperm initiates
development while the egg remains unfertilized 3358:62.64.83

The above observations spurred the hypothesis that HI is caused by a mutation that
results in restitution sperm formation during the second pollen mitosis (PM Il) of a 1n pollen. The
2n sperm disrupts double fertilization, thereby inducing haploids 1°¢1%°, Subsequent studies of
pollen development in the haploid inducers offered further insight. Bender %! observed
restitution nuclei and chromosome bridges between the sperm nuclei after generative nuclei
mitosis in the haploid inducer pollen %7, an observation confirmed by Montezuma de Carvalho
108_

Further support for the hypothesis that restitution sperm underlie HI comes from
Montelongo-Escobedo and Rowe %7 , who studied the second pollen mitosis (PM Il) in the
Phureja haploid inducer. Normal pollen development results in formation of two sperm cells at
the end of PM Il. In contrast, up to 38% of the germinated haploid inducer pollen had a single
PM Il restitution nucleus compared to 2.8% for the non-inducer pollen. Interestingly, when the
pollen from both the inducer and non-inducer was treated with colchicine and used for
pollinations, the haploid inducer HIR increased more than 2X from 0.14 h/b to 0.33 h/b while

that of the non-inducer increased from 0 h/b to 0.10 1%, A restitution sperm was formed in 100%
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of the treated pollen, associating it with haploid induction. This also provides a good explanation
for the observation of hexaploid endosperms (maternal 4x central cell+ paternal 2x sperm) with
dihaploid embryos in the 4X x 2X HI cross 107109,

Pointing to a potentially conserved developmental program, blocking the second pollen
mitosis or interfering with DNA integrity using chemicals or genetic mutations causes haploid
induction whose disruption. Additional examples of haploid induction using chemicals exist.
Toluidine blue, a dye that strongly binds DNA and RNA, some proteins, glycans and
microtubules, and disrupts membranes induces haploids in poplar species, frogs and mice 8-
201 Treating pollen with Trifluralin pre-pollination prevents pollen mitosis Il and leads to bicellular
pollen that induce haploids in maize 2°2. This pollen is similar to the one observed in potato
haploid inducers, or potato wild-type pollen that induces haploids following colchicine or N20
(nitrous oxide) treatment 1°71% Thus, genetic or pharmacological effects might induce haploids
through alterations of the sperm cellular structures (such as membranes) or the sperm genome.
The parthenogenesis hypothesis is based on similar genetically-derived defects.

In summary, the parthenogenesis hypothesis states that normal (1n) haploid inducer
pollen forms a single 2n restitution sperm, the pollen tube delivers a single sperm-like cell to the
ovule, the restitution sperm fuses with the central cell, and the egg develops unfertilized.

| propose a substantial modification of this hypothesis. | call this alternative the pseudo-
fertilization model. Instead of a single restitution sperm fertilizing the central cell and
concomitantly inducing egg zygotic-induction and parthenogenesis, the delivery of a single
restitution sperm induces polytubey as part of fertilization recovery -2, A faulty interaction of
the restitution sperm with the egg prevents proper fusion but could be sufficient to trigger zygotic
fate in the egg cell. In the same ovule, the central cell is fertilized by a normal sperm from the
second pollen tube. For tetraploid female potato, fertilization of the central cell by 2n (x=24)

sperm is ideal as it restores the 3:1 maternal:paternal endosperm genome ratio.
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Formation of the restitution sperm may not be causal for HI per se. Instead, a Hl allele
that affects PM I, also affects chromosome or membrane integrity, or other critical components
involved in proper egg-sperm fusion. The pseudo-fertilization model is thus similar to the

mechanism | proposed for maize MTL and DMP-based HI (Eigure 1 and Figure 2). It assumes

that Hl is a result of random, deleterious mutations that affect critical cellular processes during

sexual reproduction, and that have not been eliminated yet by negative selection.

3.3. Uniparental Genome Elimination Hypothesis

The uniparental genome elimination postulates that potato fertilization takes place but
the haploid inducer chromosomes are destroyed or eliminated within the zygote or embryo
nuclei. This is a relatively recent hypothesis. Until 1991, it was assumed that dihaploid or near-
dihaploid progeny were devoid of haploid inducer chromosomes. By analyzing root tips of
assumed haploid progeny from a potato HI cross, it was found that some cells were aneuploid
with more than the 24 chromosomes expected in a dihaploid. AFLP analysis of such plants
showed that upto 8.6% of thirty-five dihaploid or near-dihaploid plants had haploid inducer DNA
153 This provided the first molecular evidence of residual haploid inducer DNA following haploid
induction. Further research showed that some of these near-dihaploids had variable number of
chromosomes within the same plant body, and expressed some of the haploid inducer
isozymes, and had haploid inducer DNA as detected using PCR or sequencing 153-155203-208

It is difficult to evaluate the reports on presence of haploid inducer DNA in dihaploids
because of their often conflicting nature and small sample size (8 to 35 dihaploids were
analyzed). More recently, whole genome sequencing of HI cross progeny, including 923
dihaploid/near dihaploid individuals, produced at the International Potato Center and in the
Comai lab have affirmed the observation of addition (introgression is less likely, but theoretically
possible) of haploid inducer DNA in otherwise dihaploid plants %°. Out of the 923 dihaploid/near
dihaploid individuals, only 8 had haploid inducer chromosomes - two individuals had additional

chromosome segments while the other six had additional whole chromosomes. This represents
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a low rate (0.87%) of haploid inducer chromosome addition to otherwise dihaploid individuals #°.
This is 10-fold lower than the (possibly erroneous) 8.6% when a small sample (n=35) of
dihaploids was studied using AFLP 2%, Observation of haploid inducer chromosomes in
otherwise haploid individuals is usually attributed to incomplete genome elimination such as is
observed in CenH3-based or interspecific crosses.

The most interesting aspect of the above WGS dihaploid study, however, is the
genotype of the hybrid individuals*®. Both triploid and tetraploid hybrids can be obtained in 4X x
2X potato crosses involving Phureja diploids 2°°-?11, In the analysis of triploid and tetraploid
hybrids derived from the HI cross, it was found that tetraploid, but not triploid progeny displayed
high levels of haploid inducer chromosome genome instability 4°. The observation of genome
instability in progeny from unreduced pollen (tetraploids) but not from reduced pollen (i.e
triploids) suggests involvement of 2n sperms (either 1n pollen’s PM Il restitution sperm or 2n
pollen’s 2n sperm). However, Amundson et al found no evidence for the involvement of the 2n
restitution sperm nuclei postulated by Wangeheim et al 1*° as the cause of HI #°. Instead,
analysis of centromere homozygosity in tetraploids’ haploid inducer chromosome set was
consistent with first meiotic division restitution®. Wangeheim et al’s 1°° PM || restitution sperm
(or second meiotic division restitution sperm) would result in homozygosity of the haploid
inducer chromosome set in tetraploid hybrids. This was not the case in the Amundson et al
analysis “°. Whether the paternal chromosome instability observed in both near-dihaploid plants
and tetraploid aneuploids are related remains unclear as no controls (tetraploids from non-

haploid inducers) were included in the analysis.

4. Evolutionary Significance of Haploid
Induction

Cultivated and wild potato populations display three common traits affecting sexual

reproduction - self-incompatibility, unreduced gametes, and haploid induction. Here, |
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hypothesize that these three traits act cooperatively to increase genetic diversity and promote
sexual reproduction in potato. | call this phenomenon “ploidy-flux".
4.1. Self-incompatibility

Solanum species display high diversity at the self-incompatibility (SI) locus. This locus is
a haplotype composed of a maternally-expressed S-RNAse gene and multiple pollen-expressed
SLF (S-Locus F-Box) genes. There are 20 or more alleles of the S-Loci 212724, The S| system
works at the diploid level with each SLF protein (S-allele) recognizing non-self S-RNAse (i.e S1
recognizes S2 S-RNAse but not S1 S-RNAse). Recognized S-RNAses are degraded via the
ubiquitin-proteasome pathway, allowing pollen tube growth. Unrecognized S-RNAses inhibit
pollen tube growth through degradation of pollen RNA 212-214 Consider an S1S2 pistil: while S1
pollen recognizes S2 S-RNAses and results in its degradation, it will be blocked by S1 S-
RNAse. In the same way, S2 pollen will be blocked by S2 S-RNAse. Both S2 and S1 pollen will
be inhibited. However, if S3 pollen lands on this pistil, it will recognize both S1 and S2 RNases
and degrade them. As a result, the S3 pollen will grow and succeed in fertilization.

Thus, a given S-allele will prevent a plant from self-fertilizing and from fertilizing plants of
similar genotype. Promotion of outcrossing by this system in Solanaceae (tomato, potato,
petunia, etc) is thought to increase genetic diversity and hence reproductive success. The
function of the S-alleles is conducive to evolution of additional S-alleles, which promote
outcrossing and ensure wide matings. A similar incompatibility system exists in nearly half of all
flowering plant species, and is thought to have evolved before eudicots 25216, There are many
other self-incompatibility mechanisms (e.g the Brassicaceae sporophytic S| system) not
dependent on the classical Solanaceae S-Locus 2.

While the Solanaceae Sl system can be advantageous, founder effects, population
bottlenecks, or a genetic sweep linked to a particular S-allele can have disastrous effects if they
reduce S-locus genetic diversity to a couple of alleles. This would reduce reproductive success

as most of the individuals will not produce seed. Interestingly, Sl partially breaks down after the
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genome doubling of self-incompatible plants, such as one with S1S2 genotype, due to formation
of 2x pollen 6. Three gamete-types are formed by the corresponding tetraploid: S1S1, S2S2
and S1S2 pollen. The S1S2 pollen is able to self-fertilize their duplex parent (S1S1S2S2) since
both S1 and S2 S-RNAses can be recognized and degraded. S1S1 and S2S2 pollen can only
pollinate the quadruplex genotypes (S2S2S2S2 and S1S1S1S1, respectively), but not the
heterozygotes #°. In conclusion, polyploidization can overcome SI-dependent infertility.
4.2. Unreduced gametes

In many potato wild and cultivated populations, there exist many loci that result in
formation of unreduced gametes - both 2n eggs and 2n pollen 217-2°_ While these loci are
widespread and heavily used in potato breeding programs, their evolutionary function is not
entirely understood. | hypothesize that these exist to promote reproductive success by doubling
the genome of diploids through fertilization of a 2n egg by a 2n sperm. Genome doubling
overcomes the lethal effects of a population with a fixed S genotype. However, it seems that the
partial breakdown upon polyploidization is prevalent in species, such as Solanum, that have
gametophytic Sl systems, and less so in those with sporophytic or other Sl systems 2%, In
addition to fertilization between unreduced gametes, the doubling can occur through pollination
of the diploid plants’ unreduced egg with pollen from an existing tetraploid population, or the
diploid-plants’ unreduced pollen pollinating the existing tetraploid population. This promotes

reproductive success in the following ways:

1. Doubling the genome of a diploid potato partially disarms the gametophytic self-
incompatibility mechanism due to presence of heterozygous pollen thereby facilitating a
switch from an outcrossing mode to selfing mode.

2. Switching from diploid to tetraploid state allows a population gene flow from other tetraploid
populations. This introduces genetic variation, and critically, allows for inflow of other S-

haplotypes that may be fixed or segregating in these established tetraploid populations.
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3. Evolution of new alleles and genes is faster after whole genome duplication (WGD).
Tetraploids that arose from a diploid population could evolve new alleles and genes, which

can later be shuttled into the diploid population through HI.

Unreduced gametes in plants can form through multiple mechanisms, which include first
division restitution (FDR), second division restitution (SDR), pre-meiotic doubling, post-meiotic
doubling, etc. Unlike the other mechanisms, FDR maintains most of the original parent
heterozygosity. For this reason, FDR has been proposed to be the most advantageous
mechanism of polyploidization, and making a highly heterozygous and heterotic tetra-hybrid
tetraploid (ABCD) from diploid (AB) hybrid x diploid (CD) hybrid 1421150221222 Both FDR and
SDR are well-documented in potato 1142115b218223-229

Polyploidization can be primary or secondary depending on its origin. Primary
polyploidization occurs when an individual within a population autopolyploidizes while secondary
polyploidization occurs when allopatric diploids meet and form an allopolyploid during
hybridization 230232,

4.3. Haploid Induction

Tetraploid x diploid crosses can result in diploid (dihaploid) seeds at very low
frequencies (0.01 to 0.1 haploids/berry). Such rates are higher than it appears given that, due to
high seed lethality, only five or fewer seeds per berry are formed from potato interploid crosses.
Thus, haploids can easily constitute 5-20% of progeny. As previously mentioned, many
accessions of diploid potato induce haploids when crossed to tetraploid females. While this has
not been observed in the wild, it is well documented in crosses using tetraploid (or hexaploid)
female x diploid males collected from the wild. Haploid induction occurs at very low rates in
many other species, but the evolutionary significance of this has not been explored. |
hypothesize that haploid induction exists as a complementary trait to unreduced gamete

formation in a phenomenon I call ploidy flux.
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4.4. Triploid Block

Cultivated tetraploid cultivars can produce triploids when crossed to diploid individuals
209 However, triploids rarely occur in wild potato populations but can comprise a significant
proportion of indigenous cultivated populations 2°%232_ |t is not surprising that cultivated
populations have a high proportion of triploid. Since flowering and seed set is antagonistic to
tuber formation 233234, triploid tubers might be selected by farmers due to reduced triploid
fertility, which promotes tuberization.

Unsurprisingly, natural or hand-pollinated tetraploid x diploid crosses are not as
productive. A diploid potato ovary has about 600 ovules 2. Upon normal pollination and
fertilization, a diploid potato plant produces an average of 300 seeds per berry. On the other
hand, the 4X x 2X interploidy crosses will have an average of about 1-10 seeds per berry while
2X x 4X crosses generally fail or produce very few seeds 13°136.209.236-241 |nterploidy cross
progeny can be triploid or tetraploid. Surprisingly, tetraploid seeds tend to dominate the output
of the 4X x 2X inter-ploidy crosses 12%2%-237 The triploid state is deleterious to seed
development: for example, it leads to endosperm gene dosage imbalance. Endosperm gene
dosage imbalance tolerance, however, varies with genotype and triploid seed can be common
in some crosses. Interploidy crosses have an extremely high failure rate as only few of the
potential ~300 seeds complete development 235, While the role of the triploid block as a
hybridization barrier is well recognized in the literature, its potential function in population
biology and mating-strategy optimization has not been considered 242,

While the triploid block causes widespread lethality in interploid crosses, it facilitates
production of both dihaploid (diploid) and tetraploid progeny by reducing competition from the
predominant triploids on two fronts. First, reduction of competition for resources within the 600-
ovule fruit, and later after seed dispersal and germination. With less competition and more

resources, dihaploid and tetraploid seed are more likely to succeed in the fruit and can
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contribute to the ploidy flux. This allows an isolated diploid population to auto-tetraploidize
through unreduced gametes, and to later dihaploidize tetraploid individuals that might exist in
the population without having to go through the triploid intermediate.

The evolutionary importance of triploids and pentaploids as genetic bridges (including in
potato) between polyploid and diploid populations through the rare chance formation of 1X and
2X gametes is acknowledged, but will not be discussed here 113:114a115b221,.243.244 ' Gging through
an intermediate (triploid or pentaploids) that compete with the even chromosome-number
euploids (diploids and tetraploids) for scarce resources may be less efficient by reducing the

entire population's sexual-reproductive success.

5. Synthesis: Ploidy Flux.

Self incompatibility, unreduced gametes, triploid block, and haploid induction as means of
increasing genetic diversity and reproductive success.

The Ploidy Flux hypothesis postulates that mixed-ploidy populations or populations with
mixed ploidy potential can rapidly adapt and achieve the best evolutionary mating strategy by
ploidy transition. Ploidy Flux optimizes fitness by switching between a primarily outcrossing
mode for diploids and selfing modes for tetraploids in species with gametophytic self-
incompatibility systems such as Solanaceae species. When genetic diversity is low, the
population favors polyploids plants that have partially broken-down gametophytic self-
incompatibility to allow the sexual reproduction. High genetic diversity favors diploids that are
self-incompatible and that primarily outcross. Haploid induction, triploids, the Sl-system and
unreduced gametes are critical components of Ploidy Flux. | hypothesize that newly established
populations would be primarily expected to be polyploid (due to low genetic diversity) while long-
established populations with high genetic diversity would be expected to be mostly diploid.

Ploidy flux could work as follows: in a diploid population with two S alleles, formation of a
tetraploid avoids the sterility-dependent extinction. This resulting tetraploid population can
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persist and may eventually gain S-alleles by mutation or by gene flow. A tetraploid population
with high diversity of the S-allele could return to diploidy through dihaploid formation bringing
sufficient S-allele diversity to form a viable, outcrossing diploid population. In summary, the two
traits, 2n gametes and haploid induction, while individually deleterious, can act in concert to
provide flexible and reversible lifestyles that would increase the overall adaptive potential of the
species.

For illustration, reproductive success of an apparently doomed single self-incompatible
diploid S1S: (AB for simplicity) individual that is beyond the population range of its parent
population can occur as follows. Unreduced pollen and egg from this individual can result in a
self-fertile tetraploid capable of colonizing new areas. If individuals in this AABB (i.e S1S:S,S>)
duplex population mate with CCDD tetraploids during the new population range expansion or as
a result of gene flow, the resulting hybrid progeny (ABCD) can undergo dihaploidization to give
as many as seven diploid types, of which four (AC, AD, BC, and BD) can mate with any of the
original diploid AB (S:1S») plants. Thus, in two generations, tetraploidization followed by di-
haploidization can increase genetic diversity and restore outcrossing in the diploid population

(Figure 4 and Figure 5).

In an extreme scenario, homozygous S-haplotype individuals can also arise as follows.
A single AB diploid plant can form three types of unreduced eggs - AB, AA, and BB. If
unreduced pollen has the potential to induce haploids, an unreduced AB pollen grain could
pollinate its parent plant and induce dihaploids on unreduced ovules leading to AA, BB or AB
seed. Two dihaploid individuals from this plant, an AA and a BB individual, each with hundreds
of flowers, would be cross fertile and could generate thousands of progeny. While this scenario
appears improbable, considering the high reproductive potential of potato (each potato plant
makes hundreds of flowers, each flower has ~600 ovules of which about 200-300 develop into
seeds in a regular diploid x diploid cross) makes the scenario more plausible. Additionally,

haploid induction and unreduced gametes are relatively common in wild diploid potato
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populations. They are formed in some potato dihaploid at very high frequencies of upto 45%
219,245,246 As @ result, the HI system combined with unreduced gamete production could allow
frequent rescue of homozygous S-haplotype diploid individuals that would otherwise be at a
reproductive dead end.

Interestingly, the above system could work in the absence of polyploids. Low-rates of
unreduced gametes and spontaneous haploid induction are known to exist in many species.
The above scenario may have occurred when Abdalla & Hermsen 72 pollinated a diploid
(2n=2x=24) S. verrucosum plant heterozygous for Phytophthora infestans resistance with S.
etuberosum (2n=2x=24, a wild species different from S. tuberosum). One of 5 seeds germinated
to form a diploid (2n=2x=24) plant displaying inbreeding depression. This plant was
phenotypically like S. verrucosum and upon selfing formed depressed uniform plants that were
100% resistant to Phytophthora infestans. Likely, this wide cross resulted in zygotic induction of
an unreduced egg. Another possibility is that a true haploid was induced and that it
spontaneously doubled during somatic growth. Similar results were obtained by crossing S.
etuberosum x Phureja and S. bulbocastanum x Phureja 172. Analogous results, albeit with the
spontaneous doubled haploid coming from the male, were obtained in other crosses 72,
Spontaneous haploid doubling has been observed in Arabidopsis, potato, tomato, and maize
4,98—100,172.

Strategies to overcome self-incompatibility should be critical in harsh environments, such
as extreme temperatures. These environments may foster speciation and may also facilitate
tetraploidization by inducing unreduced gametes , and twin embryos (polyembryony), which are
connected to haploid induction 247, As stated by Webber °: “polyembryony is not abnormal. . . .
in many genera polyembryony plays an important role both in the origin and the perpetuation of
new forms”. Haploid-induction through wide-crosses may be part of this system. While the
triploid block is ancient, this barrier could theoretically be strengthened by ploidy flux in mixed-

ploidy populations. The presence of haploid inducing alleles would favor formation of euploid
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seeds and decrease triploid seed in interploidy matings. Further, in mixed-ploidy populations
without haploid-inducing alleles, the triploid block might be more relaxed to allow for the
formation of triploids that are important gene-flow bridges between diploids and tetraploids
242244 Asexual reproduction might participate in this mechanism by increasing the probability of
ploidy flux. Ploidy flux could be favored by clonal habits such as production of tubers or stolons.
Tuberization, which is antagonistic to flowering, could ensure clonal survival in a population that
cannot make seeds due to fixed self-incompatibility. The availability of genetic tools should
make these (or my) assumptions testable and help address the role of the ploidy flux in mixed
ploidy populations.

As a note on terminology, Mendiburu and Peloquin 22! have extensively discussed
terminology and mechanisms applied to polyploidization and de-polyploidization. Briefly, potato
polyploidization and de-polyploidization (haploidization) can occur unilaterally or bilaterally.
Dihaploid production in potato is a form of unilateral sexual de-polyploidization. Unilateral sexual
de-polyploidization is the production of progeny with reduced ploidy due to inheritance of less
than the expected chromosome set from one of the parents such as during potato or maize
haploid induction. The analogous term when both parents contribute fewer than expected
chromosome sets is called bilateral sexual depolyploidization. Eg. Formation of a diploid
individual from a triploid x triploid cross 221,

On the other hand, unilateral polyploidization occurs when, for example, a diploid plant’s
unreduced gamete fuses with a reduced one to produce progeny with higher ploidy than either
parent; a triploid in this example. Bilateral polyploidization occurs, for example, if two unreduced
gametes from a diploid were to form a tetraploid 14221243, These terms are applied without
regard to parent ploidy, or reproduction mode (selfing or outcrossing) 22X. Specific terms are
applied to such polyploid progeny depending on the unreduced gamete parent, and the

aforementioned’s ploidy. For example, tetraploids from 4X x 2X potato crosses are diplandorous
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tetraploids while those from a 2X x 2X cross are diplandrogynous tetraploids. See Mendiburu

and Peloquin ??* for a fuller and extensive discussion on these mechanisms.

5.1. Implications for mixed-ploidy populations

Mixed ploidy populations are known to exist in many species. These are composed of
different cytotypes (ploidies) which can include diploids, triploids, tetraploids, pentaploids,
hexaploids or other polyploids. For unknown reasons, one cytotype usually dominates a
population 2*3, Dominant cytotypes were defined as “having an overall frequency exceeding
20% and sometimes observed in single-cytotype populations” 243, The cytotypes in sexual
species tend to have even chromosome set numbers while asexual species have additional
cytotypes with odd-numbered chromosome sets 24, The lack of cytotypes with odd-numbered
chromosome sets (‘odd-ploids’) in sexual species is most likely due to their being sexually
selected against. In asexual species, these can be maintained through tubers, stolons, or other
methods. The ‘odd-ploids’ are, however, disadvantaged in the long-term survival due to sexual
selection, but can transiently be powerful agents of polyploid evolution.

Kolar ?*3 asks “How stable are mixed-ploidy populations? Do they arise and disappear
transiently or are they stable over long periods of time?” Ploidy flux can help answer questions,
particularly in species with gametophytic SI mechanisms. | hypothesize that the dominant
cytotype is determined by the amount of genetic variation present in the population. When
genetic diversity is high, the diploid cytotype will dominate because outcrossing increases
fithess. On the other hand, self-fertilization in tetraploids will lead to inbreeding depression,
particularly because half of the tetraploid pollen could be rejected because of self-incompatible
alleles. Meiosis in tetraploids, especially recent autotetraploids, is usually imperfect due to
multivalent formation at prophase, which through missegregation produces defective gametes
(and progeny). As a result, aneuploidy is frequent in tetraploids 2. In potato, tetraploids
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transmit extra or fewer chromosomes than the gametic number #°. When genetic variation is

low, the diploids will have fewer mates and risk extinction due to Sl. In these populations, the
tetraploids will dominate due to their sexual advantage through selfing, which, however, can

eventually lead to inbreeding depression.

Ploidy flux, therefore, acts as a balance between selfing and outcrossing to promote
sexual reproduction and to increase genetic diversity. Indeed, it has been observed that
extreme temperatures, likely to be found outside a species range, lead to production of
unreduced gametes and formation of tetraploids 222:230249.250 pg|yploids are important for
colonization of new, disturbed or marginal environments because of, among other things, self-
fertility 251253, They have been shown to prosper in such new environments better than their
diploid analogs 2°2. Polyploids are also likely to be found in diploid population contact zones
230253 |n addition, formation of new polyploids has been associated with (geological) mass
extinctions events affecting vegetation, animals, and insects (including pollinators), such as in
the Cretaceous—Paleogene (K-Pg) boundary 2. Polyploidization might have enabled
colonization, overcoming extinction of pollinators and climate perturbation due to the impact of
the Chicxulub asteroid that wiped out dinosaurs 2°32°%:2%¢_Per Levin and Soltis (2018), “the
demise of diploids afforded opportunities for polyploid establishment and expansion into novel
habitats. Large populations of polyploids ostensibly were more likely achieved during the post
K—Pg period than during most other times, because the extinction and depletion of a significant
fraction of plant species liberated habitats and resources which could be exploited by the
survivors. Under these circumstances, newly emergent species that were self-fertile would have
a reproductive advantage” ?%3. The role of polyploidization in plant survival is further suggested
by analysis of other mass extinction events, such as the Cretaceous-Tertiary (K-T) mass
extinction 26,

Mechanisms and processes of polyploidization and de-polyploidization, including

through the triploid bridge, have been discussed extensively by Stebbins 27, De Wet %8, and
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Husband et al 24324425 Haploid induction is a more direct mechanism of de-polyploidization that
has received little consideration, potentially because it is poorly understood . For example, Hl
genes and mechanisms have only been identified recently, compared to the long standing
knowledge of unreduced gametes and interploid mating. Additionally, without a good
understanding of the genomic structure, it is difficult to distinguish dihaploids (and trihaploids)
from true diploids (and triploids) by cytology and flow cytometric analysis. The Ploidy Flux
hypothesis predicts the existence of haploid inducing alleles in mixed-ploidy populations. The
identification of such alleles could be co-opted for improving or developing haploid induction.
The hypothesis also predicts the existence of polyploids in small or new populations, consistent
with the literature 2,

In summary, ploidy flux describes a novel mechanism that could have a significant role
during polyploidization and de-polyploidization mediating the interaction of populations of
different ploidy and the evolution of, mixed-ploidy populations. Ploidy flux predicts that
dominance of autopolyploids in mixed-ploidy populations might be a signal of reduced genetic
diversity in that population. Consideration of ploidy flux may help advance our understanding of

the ecology and evolution of plants.

6. Discussion and future directions

| have discussed the history of potato haploid induction, and highlighted some of the
abnormalities that are observed in potato pollen and embryo development. HI in potato appears
similar to maize haploid induction, which in turn is very similar to apogamy in species like
Atamosco Lily. In this species, pollen delivers sperm cells to the ovule. One sperm fuses with
the central cell to form the endosperm, while the other sperm seems to adhere to the egg but
does not fuse with it. The egg develops to form an embryo that is haploid, as it may be the case

in maize and in potato.

47


https://paperpile.com/c/UjNfoH/CWVK+bY35H+W9vgm
https://paperpile.com/c/UjNfoH/MqOQ

In the case of potato haploid induction, more work is required to further our
understanding. For example, the process of double fertilization and embryo development
following the HI cross have not been well characterized as in maize and Arabidopsis.
Microscopic, proteomic, and biochemical analysis of the events leading up to and immediately
following double fertilization in potato will be essential to test hypotheses on the mode of HI and
to identify candidate factors controlling double fertilization and haploid induction.

The Ploidy Flux model provides a novel explanation for the existence of haploid
induction in nature. In this model, haploid induction, unreduced gametes, and self-incompatibility
play evolutionary roles by tailoring the mating strategy of a species to fit varying genetic and
ecological scenarios. When there is a dearth of mates, these phenomena can lead to a switch
from diploidy to tetraploidy. This allows for selfing in a single flower to produce future mates.
However, when there is an abundance of mates, the ploidy can be reduced from tetraploid to
diploid, promoting outcrossing and increasing genetic diversity. This model can be tested in
other species that like potato, have ploidy series in sympatry and can interbreed such as
Solanum nigrum, Pilosella echioides, Senecio carniolicus, Solidago altissima, and Senecio
CarniOIiCUS 222,230,244,259—261.

For breeding applications of HI, new HI loci should be identified by studying wild
hybridizing mixed-ploidy populations, especially ones with low-incidences of triploids. More loci
that behave like the ones identified in potato and maize might be found and co-opted into

breeding programs.
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Chapter 3: Mapping Potato Haploid Induction
gene(s)

1. Abstract

Production of potato haploids by use of genetic haploid inducers is an important method

in potato breeding programs. The haploid inducers are diploid lines that, when crossed to
commercial tetraploid lines, generate dihaploids (diploid haploids of the tetraploid variety). The
dihaploids are important bridges for the introgression of various traits from diploid germplasm
into tetraploids cultivars. However, neither the mechanism nor the genes involved in potato
haploid induction (HI) have been elucidated. This chapter presents my effort to map the locus or
loci associated with haploid induction in potato. | used two parents, a non-haploid inducer
diploid Bolivian Phureja accession (GND; Pl 258855), and the haploid inducer IvP 35, to
generate a diploid mapping population. Haploid induction was tested by crossing F1 and F2
individuals from this population to a tetraploid accession (Pl 310467) related to tetraploid cultivar
Desiree. Amongst the F1 and F2 progeny of GND and IvP 35, | observed a wide range of
haploid induction rates. Specifically, 41% of the progeny were non-haploid inducers and 9%
were excellent haploid inducers. HI rate was positively correlated with seed abortion. | also
identified a 6.3 Mb region on chromosome 3 that is highly associated with HI rate and potentially

contains the major HI locus. A list of candidate HI genes are presented.
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2. Introduction

The formation of haploid (monoploid, dihaploid or trihaploid) plants in potato crosses has
been known for close to a century 2. Haploid induction (HI) is usually observed when tetraploid
or hexaploid plants are used as female and crossed to diploid plants, particularly Phureja strains
128-130,133,139,140,158,159 These crosses result in variable percentage of dihaploid (a haploid of a
tetraploid) or trihaploid (a haploid of hexaploid) progeny. This phenomenon has been co-opted
by potato breeders for the production of dihaploid plants. Dihaploid plants are critical in potato
breeding for two main reasons. First, they allow easy introgression of traits of interest from wild
accessions and species into commercially cultivated varieties that are almost always tetraploid.
Second, dihaploids allow breeding at the diploid level which involves disomic instead of
tetrasomic inheritance 130131,

Efficient dihaploid breeding in potato became possible with the identification and
subsequent breeding of diploid potato lines that exhibited very high rates of haploid induction
when crossed to tetraploid cultivars 12, These HI strains showed much higher HI rates (HIR)
than typical in the tetraploid x diploid inter-ploidy crosses 4415, Virtually all potato breeding
programs employed haploid inducers after 1973 when the high HIR trait was combined with a
haploid screening trait (by use of an embryo spot) in one genetic background by Hermsen and
Verdenius %2, These haploid inducers are called IvP lines and the most widely used lines are
two full-sibling plants, IvP 35 and IvP 48, and a derivative of initial IvP lines called IvP 101 44,
These lines are maintained asexually and can be obtained from potato germplasm banks
including at the USDA (US Department of Agriculture) and in Peru at CIP (Centro Internacional
de la Papa i.e The International Potato Center).

The universal adoption of IvP haploid inducers is due to their ease of use. A normal
haploid induction cross is made using IvP as male. The resulting progeny will include hybrid and
dihaploid seed whose germination does not require any special technique or treatment such as

embryo rescue or hormone applications. IvP plants are homozygous dominant for the
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production and deposition of anthocyanin between cotyledons. The resulting anthocyanin
embryo spot is visible to the naked eye through the seed coat 22, Hybrid seed displays the
embryo spot while the dihaploid seed or accidental selfs do not. This provides a simple and
convenient method for screening hybrids without the need of seed germination.

Despite the wide adoption of IvP haploid inducers in potato breeding programs, there are
very few studies on the mechanism and genetics of potato haploid induction. Three studies from
the 1960s concluded that haploid induction is a result of parthenogenesis 1°7-1%, These studies
suggested that the haploid inducer pollen produces defective sperm that is unable to fertilize the
egg. However, the defective sperm results in conversion of the unfertilized egg into a zygote.
After the 1990s, a few studies reported detection of haploid inducer DNA in near-dihaploid
plants using PCR, cytology, Southern blot analysis, isozyme expression, and whole genome
sequencing 1°3-1%5:203-206.208 Thege researchers suggested that haploid induction happens
through genome elimination instead, although at least one other study reported that no haploid
inducer DNA was detected in a substantial number of dihaploids 2.

Because the frequency of haploid inducer DNA addition reported by these studies varied
greatly, our laboratory sequenced over 900 dihaploids and found that a haploid inducer
chromosome or chromosome fragment was incorporated in less than 1% of flow cytometry-
identified dihaploids. The remaining 99.3% of these were entirely free of haploid inducer
chromosomes and therefore were true dihaploids “°. This observation suggests that haploid
induction takes place very early during embryo development, and that it is very efficient at
eliminating inducer chromosomes. However, the mechanism remains to be elucidated. To
address this lacuna, | undertook the genetic mapping of the Hl trait.

Low rates of haploid induction are observed when many Phureja diploid accessions are
crossed to tetraploids 128-130.133.139,140,1%8,159.262 Thjs suggests the existence of haploid induction
allele(s) in various Phureja accessions. The commercial haploid inducers are derived from one

of these accessions - Pl 225682. In a 1963 study of this accession, three out seventy plants
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studied exhibited unusually high rates of HI - up to 63-fold higher than the regular background
rates *2. Improvements in HI rate were attained by further breeding 144151262, The observation of
widespread, low-efficiency HI in many Phureja accessions, and the gains obtained by breeding
into several backgrounds, suggest that HI in potato is a multi-genic trait. The inheritance pattern
of HI also suggests that HI can be mapped. To produce a mapping population, a non-inducing
plant (referred to as GND here) from a Bolivian accession (GND s.n; Pl 258855) was used as
the wild-type parent and IvP 35 (P1 584995) was used as the HI parent.

| hypothesized, based on the previous literature and my observations 132144151262 " that
there are at least two HI genes that govern haploid induction in potato. The major HI gene (H,
for haploid induction) is expected to be either semi-dominant or gametophytic. Data reported in
various literature weakly suggests that the second gene (e, for enhancer) is recessive
132.136,146.151 vyan Breukelen ! observed that HI rate was continuous and inferred that it could be
broken down to seven Hl rate levels, and that these levels could be explained by five to seven
loci. Dominance and recessivity of the HI loci was ruled out, and it was assumed that all HI loci
have “intermediate inheritance” (semi-dominant or gametophytic). However, this cannot explain
observations where the progeny of two low HIR parents have very high HI ¥, To me, this
suggests recessivity or epistasis. Their reasoning does not seem to take into account how the
combination of various genotypes at a few loci can result in a wide range of phenotypic
observations. Instead, | hypothesize that two genes proposed here are sufficient to explain
seven levels of HIR based on allelic combination with the HHee having the highest HIR and
hhEE being wild-type. Locus H has a larger effect than locus E. There are nine allelic
combinations - ordered here based on expected HIR levels - HHee, HHEe, HHEE, Hhee, HhEe,
HhEE, hhee, hhEe, hhEE, two or three of which might have HIRs (e.g HhEE = hhee or Hhee =
HHEE) that are similar enough that it is impossible categorize them as distinct. However, it is
possible that there are a few additional loci that might explain minor variations, as is the case in

maize where HIR is dependent on the genetic background 87t, However, the effects of these
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minor-effect loci are likely not to be detected given environmental variance and small population

sizes in both this and other published studies.

3. Methods

3.1. Plant material

The haploid induction tester plant Pl 310467, a close relative of Desiree (hereafter called
Red Polenta), the haploid inducer mapping parent (IVP 35; Pl 584995), and wild-type mapping
parent (GND s.n., Pl 258855) were obtained from the USDA Plant Germplasm center as in vitro
plantlets for the first two, and as seed for GND. Seeds were germinated and propagated
aseptically in half-strength MS media. In vitro plantlets were transplanted in the greenhouse and
GND s.n plant # 4, with purple stems and underleafs, was chosen to be used as a wild-type
parent in the mapping population. GND s.n plant # 4 (GND SN4 a.k.a GND 4) will be referred to
as GND from here onwards. It will be deposited in the USDA Plant Germplasm repository.

Red Polenta has green stems and leaves. IvP 35 is homozygous for the embryo spot marker, a
trait well suited for screening hybrids and resulting from anthocyanin deposition between the
cotyledons that is visible through the seed coat 2°2. Even though IvP 101’s HI rate is three-fold
that of IvP 35, it was not used as the HI parent because it has some Tuberosum (non-Phureja)
genetic background #4. IvP 35 and GND have red stems and leaves. F1 and F2 seeds were
obtained as described below.

To obtain the mapping population, GND was pollinated with IvP 35 . Fifty-two of the
resulting F1 plants (all diploid) were grown in the greenhouse and intercrossed to make an F2
population. Pollen pooled from these 52 F1 plants was used to pollinate emasculated flowers of
the same 52 plants. This was done to reduce chances of biased marker inheritance caused by
the presence of less than four self-incompatibility (SI) alleles. At least one berry from the
intercrossed F1 flowers was collected from each of the 52 plants and its seeds extracted to
obtain the F2 lines.
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Additional haploid inducer lines were obtained from the USDA Germplasm collection.
These include Phu 1.22, IvP 35, IvP 48, IvP 101, PL4, and Herm 18. All these lines share
ancestry (Figure 6). IvP 35 and IvP 48 are siblings. Phu 1.22 is the grandparent to IvP 35 and
IvP 48. IvP 101 and PL4 are derived from IvP 35, IvP 48, or their siblings that were produced by
Hermsen & Verdinius 144262264 Herm 18 ancestry is not very clear but was deposited at the
USDA potato germplasm bank by Shally Jansky. Jansky inherited it from Robert Hanneman Jr,
who likely inherited it from his co-researcher, John Hermsen, who developed the IvP

populations 262:265,

3.2. Seed germination and potato line propagation

It is recommended that seeds are obtained from ripe berries and are aged six months or
more after seed extraction to break dormancy 26¢-2%° | However, | was able to germinate seeds
that were at least three months old without any problem.

To increase germination rate, seeds were soaked in 1500ppm GA3 (gibberellic acid) for
24-48 hours at room temperature to break any residual dormancy 27?71, The seeds were then
rinsed in water, and washed in soapy bleach solution (50% bleach with either 0.5% Tween-20 or
Triton X-100) for up to 10 minutes. The bleach was washed off and the seeds plated on half-
strength MS media (0.5x MS with vitamins, 0.5% sucrose & 0.7% phytoagar) in magenta boxes.
Germination was done under cool and dark conditions where the highest germination rates are
obtained 27°2™ F1, F2, IVP 35, GND and Red Polenta seedlings or in vitro plantlets were
maintained in vitro by propagating the material using cuttings.

3.3. Crosses

Pollen was extracted by harvesting anthers just before or right after light browning at the
tip. Anthers were placed on a filter paper and left to dry for 24-48 hrs. Pollen was then extracted
using a vibrating rod (VegieBee™) on the folded filter paper. The pollen was then collected in
1.5 ml tubes and stored at 4° C or used immediately. Only pollen less than two weeks old was

used for pollination.
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For pollination, female flowers were emasculated by removing the anthers at the start of
yellowing. Pollen was then placed on the stigmas of these flowers either immediately or up to 3
days after emasculation, depending on flower maturity. Fruits were then harvested at around 30
days, and further ripened on the lab bench for up to 30 more days. Seeds were extracted from
ripe fruits, rinsed with tap water, washed in 25% bleach for 10 minutes, rinsed, and placed on a
filter paper to dry. The bleach wash bleached the seed coat to increase visibility of the seed
embryo spot. Seeds were stored for at least three months on the lab bench before sowing to
partially break dormancy.

3.4. Phenotyping

13 F1 seeds and 100 F2 seeds were germinated and the plants phenotyped for HlI
ability. Red Polenta was used as the tester plant. It has completely green stems and leaves, and
exhibits no anthocyanin production on the body. The Phureja clones, on the other hand, have
red stems, leaves and an embryo spot. Phenotyping was done by pollinating emasculated Red
Polenta (female) flowers using pollen from a HI mapping (HIM) plant, GND or IVP35. This was
called a Haploid Induction test cross. HI test-cross seeds were harvested in batches of 5 fruits
or less.

Only unspotted seeds from each test cross were germinated. Purple seedlings and
spotted seeds were assumed hybrids and therefore were not evaluated further. The ploidy of
green seedlings was determined using a flow cytometer. An F1 or F2 individual was classified
as a haploid inducer if any of the seedlings produced from the test cross was dihaploid. HIR
(Haploid induction rate) was calculated as dihaploids per berry (h/b) in line with all prior
literature. | aimed to have at least 5 berries per plant analyzed in line with literature 5.
However, a few of the plants fell below that threshold, but were still informative if they induced
haploids. A plant that produces at least one haploid from any one berry is categorized as a
haploid inducer (observation of haploids is mutually exclusive with being wild-type). There were

no replicates and hence standard errors could not be calculated, and environmental effects
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could not be determined. However, it is known that haploid induction is robust across
environments 132144151 Three of the 23 wild-type plants for which three or fewer berries were
analyzed could be problematic, but were sequenced nonetheless and used.

Ploidy was determined using a modified protocol based on the method of Rayburn et al
272 and Bino et al 2’2, Young leaves of in vitro plants were chopped in chopping buffer to release
nuclei and the tissue debris filtered into a test tube by passing the chopped leaf suspension
liquid through the Cell Strainer (35um mesh size) Snap Cap of a Falcon™ Round-Bottom
Polystyrene Test Tubes (catalog number 352235). A BD Biosciences FACScan flow cytometer
or Beckman Coulter Cytoflex flow cytometer were used for ploidy analysis. Red Polenta was
used as the 4X control while GND and IvP 35 were used as the 2X control. At least 5000-10000
events were used to call the ploidy.

3.5. Sequence analysis and QTL mapping

GND and IVP 35 were previously sequenced to around 30X coverage “°. The genomic
DNA extraction was done as previously described by Ghislain et al 2”4 and library prep was
done using 300bp sheared input DNA with KAPA Hyper Prep kit (cat. No KK8504). Sequencing
was performed at the University of California, Davis DNA Technologies Core on Illumina
Novaseq™ 6000 lane using paired-end dual index 150bp reads. A full description of the DNA
extraction, library prep, and sequencing, and demultiplexing is described in Amundson et al .

Leaf tissue from eight F1 lines, seventy-three F2 lines, Phu 1.22, and HERM 18 were
shipped in dry ice to Novogene Corporation in Sacramento, CA for DNA extraction, library prep,
and sequencing using Novogene Corporation’s internal protocols. Paired-ended 150 bp reads
were obtained on lllumina NovaSeq 6000 platform for an average coverage of 10X read
coverage per sample. Custom Linux scripts were used to demultiplex the reads and remove the
adapter sequences. These scripts can be downloaded at:

http://comailab.genomecenter.ucdavis.edu/index.php/Barcoded data preparation tools.
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Custom Linux and R scripts were used for downstream analyses. The reads were
mapped to the potato reference genome assembly version DM v6.1 ?’° using the BWA software
276(BWA mem algorithm) and variants called using BCFtools version 1.10.2 277, Only reads with
mapping quality greater than 30 were used and all duplicate variants removed (bcftools norm -d
all). GND and IvP 35 aligned reads were compared to find genomic variants between the two
parents. Sites with genotype inference score qualities less than 100, or read depth higher than
70 (2.3x genomic average), or less than 25 (0.83x genomic average) were excluded. Three sets
of variants were identified: SNPs that are homozygous in GND but heterozygous in IvP 35
(900,866 positions), SNPS that were heterozygous in GND but homozygous in IvP 35
(1,935,345), and finally positions that were homozygous in both parents but different between
GND and IVP 35 (618,599 positions). Mapping analysis was attempted using these three SNP-
types. The genotypes of F1 and F2 samples at the chosen sites were then determined as
below. To determine the marker genotype in F1 and F2 lines, the genome was first partitioned
into 100kb non-overlapping bins.

For each individual, genotype was based on information from all SNPs located with each
bin. The minimum total number of informative reads covering SNPs in a bin was set at 50. For
each individual, the genotype of bins for which fewer than 50 informative reads were available
were left unassigned (NA). For bins with sufficient informative reads, a locus was called
homozygous when more than 95% of reads covered a single allele and heterozygous when
more than 5% but less than 95% covered both alleles. These bins were used as markers for the
bulked segregant analysis (BSA) or r/qtl analysis 278283,

For the BSA, 60 F2 plants were sequenced and divided into three bulks (sub-
populations) based on HIR for preliminary analysis. These were divided into the wild-type bulk
(HIR = 0), the intermediate bulk (HIR ranging 0.2 and 0.4 h/b) and high HIR bulk (HIR => 0.6).

Plants with intermediate HIR were removed from this analysis. Based on encouraging results, |
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sequenced an additional twenty-one F1 and F2 plants, and performed both BSA analysis and
QTL mapping on the full population.
3.6. Phasing IvP35 chromosomes

To conduct the r/gtl analysis, | phased the IvP35 haplotypes using heterozygous SNPs,
using both the F1 and F2 individuals. Sites where 3 or more of the 81 individuals had a high-
quality read coverage of less than seven (average read depth coverage across the whole
genome was ~9) were not used for phasing.

All F1s carry one IvP 35 haplotype while the F2s could have zero, one, or two IvP35
haplotypes. Phasing a particular genomic region was done as explained here and in Figure 7.
Only F2 individuals that carried a single IvP haplotype in that region either as heterozygotes
(one GND chromosome and one IvP 35 allele), or as a homozygote (two copies of the same
IvP35 allele) were used. Individuals with both IvP35 haplotypes in that region, i.e heterozygous
(haplotypel / haplotype2), or only GND haplotype, i.e homozygous for GND chromosome, could
not be used for phasing. The genotype information obtained as described as in Figure 7 was
used to determine which regions of which F2 individuals to retain.

To determine if two markers were in-phase, | counted the number of times two loci were
in phase or in repulsion i.e for adjacent loci that are AB/AB, the number of BA/BA, AB/AB, or
BB/BB individuals in F1 and F2 determine the phase. At a particular locus, an individual could
have GND chromosomes only and therefore could not be used for haplotyping. To ensure
proper haplotyping, a minimum of 30 individuals in each locus were used for haplotyping. The
markers are in phase if more than 85% of individuals are BB, and in-repulsion if more than 85%
of individuals are AB or BA. The haplotype is built progressively by doing the same for the 2nd
loci and the third loci, then the 3rd loci and the next one, and so on. There should be no
recombination between any two adjacent markers for the overwhelming majority of markers and

individuals, and only a maximum of one is expected if it occurs.
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464,574 (51.6%) of the 900,866 IvP35 heterozygous positions were phased into
haplotypes. F1 and F2 genotypes were assigned for each of these positions by comparison to
haplotype. For regions homozygous for one IvP35 haplotype, these sites should always be
homozygous. The same is true for regions heterozygous for IvP35 and GND chromosomes.
Regions homozygous for IvP, but with both IvP35 chromosomes will be heterozygous for all
sites. Thus we can assign genotype based on which haplotype a region has. Those
homozygous for GND chromosomes (i.e do not have either IVP haplotype) were made
equivalent to either of the IvP35 haplotype and analysis done both ways i.e both haplotype 1
and GND chromosomes are assigned genotype A for mapping purposes while haplotype 2 is
assigned genotype B (data set 1). The haplotype assignment can then be switched so that
haplotype 2 = GND = A while haplotype 1 = B (data set 2).

These SNPs were put in 3276 100kb bins across the whole genome. A bin was used as
a marker if it had at least five of these SNP positions. If 80% (%5) or more of the SNPs
corresponded to the same genotype, that genotype was assigned to the bin (marker). If not, the
bin was assigned a missing genotype. These data were used for rQTL analysis.

The GND heterozygous SNPs (GND is AB and IvP35 is AA) were also phased
analogously. 1,196,238 (61%) of 1,935,345 GND heterozygous SNPs were phased and

assigned to 6511 bins (markers).

3.7. QTL mapping

QTL mapping was performed in R statistical software version 3.2.3 24 using the qtl (r/gtl)
package version 1.41-6 2. Standard data cleanup outlined in the r/gtl manual 2’8, Removal of
duplicated markers and markers genotyped in less than 60 individuals reduced my marker
number from 3276 to 781.
r/qtl uses interval mapping to identify QTLs. Three mapping algorithms implemented in r/qtl

were used: the EM algorithm, Haley-Knott regression, and multiple imputation 278.285-288,
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SnpEff version 4.3 28 was used to predict the effects of genic SNPs on protein function.

This analysis using all IvP35 heterozygous SNPS within the QTL interval.

4. Results

4.1. A general description of the mapping population

The F1 and F2 plants were segregating for many traits as would be expected of progeny
from highly heterozygous outcrossing populations. These traits include pollen yield, anther
shape, pistil size, style length, organ colors, growth habit, stolon formation, tuber yield, tuber
morphology (color, shape, and size), stem shape and thickness, flowering ability, self
incompatibility, unreduced pollen (as assessed by seed yield in 4X x 2X crosses), berry size,
seed yield, and of course, haploid induction.

IvP35 has few, relatively thicker stems that senesce at maturity. This necessitates
continual planting of IvP35 (and other IvP or IvP-like plants, Herm 18, and Phu 1.22). GND on
the other hand, has a bushy growth habit resulting from many underground runners that
produce many relatively thinner stems. It grows indefinitely and flowers very profusely. | have
been able to maintain a GND plant (and some of the F1 and F2 plants) in a single pot for more
than three years. GND produces very small tubers with white skin and flesh. It also appears
very resistant to spider-mites, a green-house potato pest that decimates the IvP plants.

The GND x IVP 35 F1 progeny had unexpected phenotypes. First, not every F1 plant
was spotted, despite the expectation given that IvP35 is homozygous for the seed spot 146151,
Additionally, the seeds were a binary mixture of very small seeds and very large seeds with the
large seeds having more than twice the volume of the small ones (Eigure 8). These unusual
traits prompted me to test seedlings from these seeds for haploidy (monoploidy). All were
diploid.

The seed size and embryo spot phenotypes segregated in the F2. Overall, the plants
from small non-spotted (SNS) seeds were morphologically similar to GND whereas those from
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small spotted (SSP) seed and large non-spotted (LNS) seed were intermediate. Plants from
large spotted (LSP) seed resembled IVP 35.

F2 plants with high haploid induction rates (HIR equal to or better than IvP 101 HIR, the
best IvP HI plant) that inherited the GND morphology could be useful haploid inducers because,
compared to the IvP, they require lower-maintenance during greenhouse growth, might be

resistant to common pests, and flower abundantly and persistently.

4.2. The Haploid Induction Phenotype

All haploid induction phenotyping was done by crossing the test subjects as male to Red
Polenta. The Red Polenta tetraploid tester-line is a relative of tetraploid Desiree cultivar. Lines
that yield at least one dihaploid following the crossing to the tetraploid tester line are classified
as haploid inducers. Haploid induction rate (HIR) is measured as haploids per berry (h/b). Wild-
type lines do not induce any haploids (i.e are non-inducers)

The HIR of various IvP inducers was measured. The HIRs of these haploid inducers
(IvPs) were consistent with published literature 132:136.146.151 '|yp35 and IvP48 siblings induced
haploids at a HIR of 0.32 h/b and 0.27 h/b, respectively. HERM 18 (it is unclear if this is IvP18, a
sibling to IvP35 and IvP48) induced haploids at 0.17 h/b. IvP 101, a far superior haploid inducer
derived from IvP 48 and its siblings, induced haploids at 1.0 h/b. Phu 1.22 (GS 29) induced
haploids at a rate of 0.5 h/b. Phu 1.22 is the ancestor to all modern potato haploid inducers. It is
one of three ‘superior’ (i.e individuals with unusually high HIR) haploid inducers identified by
Gabert 13 by phenotyping for HIR in seventy plants grown from accession Pl 225682 seed
132,144151,262 The HIR of GND, the wild-type parent used in creating our mapping population is
0.0 h/b.

The haploid induction rate of eight F1 plants varied. Five of these plants were haploid
inducers and three were wild-type (i.e non-inducers) (Table 2). One of the F1 haploid inducers
was more than three-fold more efficient (1.0 h/b) than IvP 35 (0.3 h/b), its inducer parent. The
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observation that an F1’s HIR is three-fold higher that of its HI parent seems surprising at first.
However, this is not unusual. Similar results were observed in other wild-type x haploid inducer
F1 populations *61%1 | speculate that this is linked to the presence of more than one HI gene in
Phureja accessions in general, some of which might be epistatic or synergistic. As a result, a
haploid inducer’s genetic background plays a big role in determining HIR in potato, just as in
maize.

The HI trait segregated in the phenotyped F2 plants (n=75) with both wild-type and

haploid-inducing plants present (Table 3 and Figure 9). 41% of the tested F2 plants were wild-

type, and 9% were excellent haploid inducers with HIRs comparable to those of best haploid
inducers (IvP101 and PL4) used in breeding programs. The rest were intermediate between the

two extreme HI phenotypes.

4.3. Hlrateis correlated with seed death

The tetraploid x haploid inducer crosses in potato result in a wide variety of offspring:
tetraploid, triploid, dihaploid, aneu-dihaploid, aneuploid, and aborted or dead seed “°. The
incidence rate of these progeny types vary depending on the female line and the haploid
inducer #4. My study material offered a chance to study correlations between any of these traits.
Among these is the correlation between HI rate and seed abortion, and between HI rate and
seed set. Seed set in 4X x 2X crosses in potato can be a proxy for formation of 2n pollen 2%°. No
correlation between seed set and HI rate was observed in my material. This is in line with
previous reports 144,

| then looked at the seed death. HI rate is known to have a strongly positive-correlation
with seed abortion in CenH3-based, DMP-based, and Phospholipase Al (Not-like-Dad or
Matrilineal)-based haploid induction, as previously observed in Arabidopsis and maize 28305769
1291 Therefore, | tested whether the same is true for potato HI.

There was a strong positive Pearson’s correlation (0.61; p-value = 6.6e-10) between HI

rate and seed abortion (Table 4 and Figure 10) in 86 diploid lines (both haploid inducers and
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wild-type) that include F1 and F2 individuals; IvPs 18 (HERM 18), 35, 48 and 101; PL4 and
GND. The correlation is 0.62 ( p-value = 1.527e-10) when HI rate is normalized by taking its
square root. When the correlation test is performed for the haploid inducers only (n=54), the
correlation is 0.47 (p-value = 3.04e-04) or 0.48 (p-value = 2.67e-04) when HI rate is normalized
(Eigure 11). Potato haploid induction, therefore, is similar to both maize HI and CenH3 with

respect to seed death 30291.292,

4.4. Sequencing & mapping

Single nucleotide polymorphism (SNPs) between the mapping population parental lines were
identified. Two sets of SNPs were used for mapping. SNPs in the first set were homozygous,
that is, fixed (true breeding) in both GND and IvP35 but different between the two parents. For
simplicity, | represent the SNP information with letters. | used CC and DD as the genotype
notation for one locus with homozygous SNP. The second set consists of heterozygous SNPs -
SNPs that are fixed in GND, but heterozygous in IvP35, with one of the two IvP35 alleles being
identical to the GND allele. This is represented below as AA and AB, respectively. Both
heterozygous and homozygous SNPs sets were used for mapping but independent of each

other. The unphased heterozygous IvP35 genotypes will be represented as (AB) to denote the
two alleles at a single locus. Phased SNPs will use the conventional representation A/B or %.

IvP35 had 900,866 IvP35 heterozygous SNPs (i.e GND is AA and IvP35 is AB) of which
464,574 (51.6%) were phased. GND on the other hand had 1,935,345 GND heterozygous
SNPs. This is twice as many as IvP35 heterozygous SNPs. This is not surprising given that the
IVP lines were obtained by several rounds of selfing during the breeding of the HI lines. GND, on
the other hand, was obtained from a seed collected from a wild outcrossing population.
1,196,238 (61%) of 1,935,345 1,194,291 GND heterozygous SNPs were phased.

| first attempted mapping the HI QTL by using the homozygous SNPs and the 73 F2

plants, which were considered a true F2 generation. However, | did not find any significant QTL
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loci associated with HIR (data not shown). This was not surprising given the small population
size and my hypothesis that IvP35 is heterozygous for the HI gene.

With the hypothesis that the haploid induction locus H is heterozygous in IvP35, |
expected the mapping experiment to have more power when performed under the assumption
that the mapping population resulted from intercrossing BC1 (backcross 1) individuals. In this

instance, | used heterozygous SNPs for mapping. GND, considered as the “recurrent parent”, is
homozygous (AA)(AA)(AA)(AA) or %at four linked loci while IvP 35, considered as the “F1

parent”, is unphased and heterozygous (AB)(AB)(AB)(AB) (Figure 7). Therefore, the initial GND
x IvP35 cross is considered the “BC1 cross”. The inter-crossing of fifty-two GND x IvP 35 F1
individuals produced F2 that are equivalent to a BC1-intercross 1 (BC1-I1). Unlike a true BC1 or
BC1-I1 population, three haplotypes (instead of two) are inherited in my mapping population:
one from GND (AAAA/AAAA), and two from IvP 35 (e.g BAAB/ABBA,; or any other such
combination). Summarizing, my mapping population is considered an inter-cross for the purpose
of mapping using the r/gtl package in the R Statistical Software. Even though IvP35 is the “F1
parent”, it will not be referred to as such. | retain the terms F1 and F2 to refer to material derived
from the GND x IvP 35 cross in the first and second generation, respectively.

My hypothesis is that the H gene is heterozygous in IvP35. Only one of the two IvP35
haplotypes carries the haploid inducing allele if my assumption that the HI locus (H) is
heterozygous in IvP 35 is correct. This can be represented as BAABDDDDH and ABBADDDDh,
with H being the dominant (or gametophytic) haploid inducing allele. The GND haplotype is
AAAACCCCh. All the chromosomes were haplotyped and the haplotyped markers used for
mapping. Below is the r/qtl's summarization of the data:

F2 intercross

No. individuals: 81
No. phenotypes: 1
Percent phenotyped: 100

No. chromosomes: 12
Autosomes: 1234567891011 12
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Total markers: 781

No. markers: 398353 3837655440178 42 26 126
Percent genotyped: 89.9
Genotypes (%): AA:64.0 AB:30.9 BB:5.1 not BB:0.0 not AA:0.0

| was able to detect a QTL after running the r/gtl analysis. The QTL could still be
detected, albeit with reduced power, if the GND homozygous regions were equated to missing
genotype. However, no QTL was detected if the GND haplotype (AAAACCCCh) was equated to
haploid inducing haplotype H1 (BAABDDDDH). | also attempted to identify any secondary or
interacting QTL by running the scantwo function in r/gtl, but none was detected, possibly
because our population is too small to identify any interacting loci (results not presented).

QTL mapping was conducted using three of the interval mapping algorithms (EM
algorithm, Haley-Knott regression, and multiple imputation) implemented in the r/qtl package
278,285-288 A\|| three algorithms detected a QTL with the peak on chr 03 at 37.9 Mb with LOD
values above 8 (Figure 12), and an LOD threshold around 6. The LOD threshold was set by
running permutation tests as recommended in the r/gtl manual. The predicted LOD interval is
6.3 Mb between 37.3 Mb to 43.6 Mb. The presence of a QTL on chromosome 3 is in agreement
with my preliminary bulked segregant analysis of sixty F2 individuals using homozygous

parental SNPs (Figure 13 and Figure 14) that showed that HI QTL likely resided on the second

half chromosome 03. The recombination breaks for each of the F2 is shown in Figure 15 and
Figure 16. A boxplot of a representative genotype at the QTL versus Hl rate is shown in Figure
17 and Figure 18. As shown in Figure 19, the F1 haploid inducers have a different haplotype
compared to the F1 wild-type (non-inducers) across the QTL interval.

To check whether GND contributed a HI QTL to the population, mapping was performed
as before except for the use of GND heterozygous SNPs (GND is AB and IvP35 is AA).
Mapping for HI using these markers did not yield any QTL (data not shown). There were 3656

markers after r/qtl data cleanup down from the initial 6511. Below is the data summary.
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No. individuals: 81

No. phenotypes: 1

Percent phenotyped: 100

No. chromosomes: 12

Autosomes: 123456789101112

Total markers: 3656

No. markers: 332 245 350 342 302 284 335 336 313 340 236 241
Percent genotyped: 100

Genotypes (%): AA:0.1 AB:77.0 BB:22.8 not BB:0.0 not AA:0.0

4.5. Narrowing down candidates
There are 476 genes within the LOD interval. Between chr03:37.2 - 43.7 Mb, there are 7319

SNPs which are homozygous in GND and heterozygous in IvP 35. Of these, | was interested in
the SNPs that were within genes and therefore more likely to cause a change in protein
function. This, of course, risks missing the candidate gene if the causative variant is within a
regulatory region such as the promoter.

I narrowed down the list using the following assumptions: First, the HI gene encodes a
conserved factor present at a minimum within Solanum species, and present in all potato
species. Second, the H allele acts gametophytically (and hence seems dominant), most likely
because of a loss of function mutation. This gametophytic expression appears additive. Third,
the gene is actively transcribed in mature pollen, perhaps during or right after male
gametogenesis. Fourth, most potato accessions have the functionally wild-type allele h. Fifth,
most inducers including the IvP and Phul.22 inducers should have the H allele. The genotype
of H allele should predict the HIR. For example, IvP101, an excellent inducer, should be HH,
IvP48 and HERM 18 (IvP 18) that are intermediate inducers should be Hh, and Phureja 1.22 -
the ancestor of all the inducers - should be either Hh or HH. The reality, however, might be
more complex than this given that there seems to be additional HI loci.

To apply these criteria as filters, | used a reference set of potato variants in 71 diploid or
tetraploid potato accessions, varieties, and wild species (Panel-K71) Table 5. None of the

individuals in this set has been reported to be a haploid inducer. In addition, the set features
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only two Phureja accessions (of unknown HI potential). | compared all genic SNPs (regardless
of genotype in GND and IvP 35) within the LOD interval using the SnpEff program to predict the
effect of these SNPs on protein function. Any gene displaying a severe mutation (truncation,
stop or start codon loss, splice site acceptor or donor mutation, or frameshift) in more than 10
potato accessions in the variation panel was considered a non-essential gene and disqualified.
This narrowed the candidate list from 476 genes to 153 genes that | loosely called “conserved”

genes.

4.6. SNP effect analysis

| then carried out SNP effect (using the SnpEff program) analysis for my mapping
population using all the SNPs (genic or not) that are homozygous in GND but heterozygous in
IvP35 that were in the QTL interval. There were 7319 positions that had such variants. The
majority (5472) of all mutations are not predicted to affect the gene body. 1847 were predicted
to have effect on protein function, coding sequence, expression or non-coding sequence (intron
and UTRs). 310 mutations were predicted to affect CDS and alter protein structure or function
with 292 having moderate effect (missense) and 18 having severe effect (stop gain, stop loss,
etc) (Table 6). These 1847 SNPs fall in 97 genes of which 29 are in the conserved list as
identified from the K-71 panel, i.e these genes are knocked out (not necessarily by related
mutations) in fewer than ten lines in the 71-accession panel. These are my candidate genes
(Table 7). One of these genes, Soltu.DM.03G016230, has five unique missense mutations that
are not found in any other potato line in the K71 panel, and are present in the original Phul.22

haploid inducer and its descendant extant-IvP haploid inducers.

5. Other result from a preliminary analysis
| had also considered one other gene (Soltu.DM.03G015780) that did not make the high

priority list, but had been the top candidate before all the F2 lines had been sequenced.
Soltu.DM.03G015780, a DUFF1442 gene that our preliminary studies had identified as a
possible candidate, sits at the QTL peak and has a protein truncating mutation in thirteen of the
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seventy-one accessions in the K71-panel. It has five close homologs in Arabidopsis, two of
which (At5962280 and At3g60780) had interesting properties. At3g60780 is a sperm-specific
gene that is highly enriched in sperm-cells. At5g62280 expression changes 12-fold when
Arabidopsis siblings are treated with MMS (Methyl Methanesulfonate), a mutagen. Arabidopsis
mutants of these genes had, therefore, been selected to test their ability to induce haploids
when selfed. Some of the seedlings, particularly for At5g62280, showed altered phenotypes
similar to those observed in chromosome missegregation mutants sds (solo dancers), such as
having three-cotyledons (instead of two), serrated leaves, stunted-growth, among others 2% .
While some of these phenotypes are associated with chromosome missegregation, further
analysis on these two genes were not done due to lack of haploids in the 300 plants analyzed

for haploidy by search of haploid phenotypes (small infertile plants with small organs).

5.1. Genotypes of related haploid inducers

The pedigree of some of the extant haploid inducers is shown on Figure 6 32144262.265
Phu 1.22 is the original ‘superior’ haploid inducer identified by Gabert 132, It has a moderate HIR
compared to the two modern haploid inducers (IvP101 and PL4) with the highest HIR 144.264.294
is the grandparent to IvP 35 and IvP 48 - two widely used inducers that have moderate HIR.
IvP101 and PL4 HIR is about two to three-fold that of IvP35, IvP48, and Phu 1.22 252, All these
haploid inducers would be expected to share alleles with IvP35 based on their phenotype and
genetic history. At the minimum, heterozygosity is expected. Homozygosity of the IvP35 allele
(as opposed to the GND allele) would be expected for the high HIR lines given my hypothesis
that HI is caused by a dominant or gametophytic factor. Consistent with the hypothesis, all these
inducers have the IvP 35-specific Soltu.DM.03G016230 alleles. IvP 35, IvP 48, and Phu 1.22
are heterozygous. IvP 101 and PL4 are homozygous. However, Herm 18, a haploid inducer
whose origin is not clear but is likely a sibling to IvP 35, has moderate rates of HI but
homozygous for IvP SNP 265, This plant makes a lot of 2n pollen evidenced by observation of

numerous seeds per berry produced in the HI cross.
68


https://paperpile.com/c/UjNfoH/kWEIa
https://paperpile.com/c/UjNfoH/ige88+r5XD4+JFKg3+S81pH
https://paperpile.com/c/UjNfoH/ige88/?noauthor=1
https://paperpile.com/c/UjNfoH/HNtdV+JFKg3+768lZ
https://paperpile.com/c/UjNfoH/r5XD4
https://paperpile.com/c/UjNfoH/S81pH

6. Conclusion

This is the first attempt (to my knowledge) to map the haploid induction genes in potato.
The fact that | was able to identify a QTL for the haploid induction trait will add impetus to the
study of haploid induction in potato and other crops. As a first attempt, this study was limited but
has provided resources to develop a larger and more comprehensive study of potato haploid
induction genetics. Particularly, it will not only allow us to identify the major haploid induction
gene but potentially the basal haploid induction gene by fixing the major haploid induction locus
in subsequent mapping material.

My studies identified the major QTL controlling haploid induction. Even though |
attempted to reduce my candidate HI gene set using various criteria, | realize that | could have
missed the HI gene because of the assumptions used. For example, it could be that HI is
caused by changes in the promoter sequence of the gene instead of a direct change in protein
structure. Such changes could not be determined based on the assumptions that | used for my
analysis and thus my method could have missed the most important clues. However, | believe
this to be a reasonable start, particularly given the large QTL interval with hundreds of genes.

The HI phenotype corresponded with the genotype in other individuals such as IvP
haploid inducers and Phu 1.22 that are not in my mapping population family. The only exception
was Herm 18 whose HIR is low despite being homozygous for the HI markers. | cannot
speculate whether this line’s production of numerous 2n pollen or interaction with other loci
accounts for the reduction in HI rate of this inducer despite the HH genotype.

The study of haploid induction will not only help create strategies for inducing haploid
induction in other crops but will also advance our understanding of chromosome inheritance,
double fertilization, and zygotic and early embryonic development. For example, how does an
embryo develop without the required (assumed) paternal-imprinted genes? If an embryo can

develop without imprinted paternal genes, does that suggest that the imprinted genes are
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actually transcribed in the sperm such that a fusion with the egg of a sperm shell (no
chromosomes are deposited in the egg) is sufficient to trigger development as these transcripts
get translated? What are the various communication signals between the sperm and egg that
mark egg-sperm adhesion, plasmogamy, complete karyogamy, and that trigger embryonic fate?
Understanding how the haploid embryos are formed in potato might help solve or provide tools

for studying these and other biological processes.
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Chapter 4 - Seed Traits

1. Abstract

Seeds can either be planted, or consumed as human food or animal feed . For these
reasons, seed traits are important and play a central role in agriculture and food production.
Physical, physiological, and molecular traits such as color, nutritional value, dormancy, size,
shape, and volume are selected by breeders for different purposes. For example, size and
shape are selected to allow automation of farm or processing machinery. Color can be a
phenotype relevant to consumers, or a genetic marker. Additionally, multiple seed traits are of
interest to scientists who conduct basic scientific research. Seeds are central to the evolution
and success of spermatophyta (seed plants) due to the fact they house and nurture the next
generation of a species. There are many genes, expressed biparentally or biased, that control
seed development. One interesting outcome of plant seed evolution is sibling rivalry, and
maternal-paternal (parent-offspring) conflict during seed development. The study of these
phenomena increases our understanding of the process of evolution at the molecular level.

In a population derived from two diploid potato accessions, | observed dramatic variation
in seed size in both the F1 and F2 generations. This change in seed size is reminiscent of the
outcome of parental conflict. Additionally, | observed suppression of dominant anthocyanin
genes that are usually expressed in the embryo. This trait is used as a selection tool during
potato breeding. Potato color is also an important consumer and agronomic trait. | attempted to
map the genes responsible for these two traits due to their evolutionary and practical

importance.

2. Introduction

This chapter is an extension of the analysis of the population described in the third
chapter. This was a corollary objective following the unexpected observations in the F1
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population developed for mapping haploid induction. As a result, the experimental setup is not
optimal and thus any results obtained here will require additional work. However, we can still

obtain some information that might inform future studies.

2.1. Color genes and the seed embryo-spot
An unexpected observation was the absence of the embryo spot in some of the diploid

F1 seeds from a cross of GND x IvP 35 (male). IvP 35 is homozygous for embryo-spot genes
262 The embryo spot results from deposition of anthocyanins between the cotyledons. These
pigments can be blue, red or purple depending on the allelic combination of several loci 2.
Color in potatoes is not a simple trait. It is determined by several genes that produce various
color phenotypes 2°52%_ |n addition to color, there are genes that determine the patterning of the
color genes expression. For example, it can be restricted to tuber eyes, tuber flesh, tuber skin,
petals, floral abscission zone, embryo SAM (shoot apical meristem) area (i.e the seed embryo
spot), nodes, stems, and abaxial or adaxial leaf surfaces 29297,

The embryo spot is determined by two dominant color genes, B and P or R. P and R
result in purple and red colored anthocyanins, respectively, throughout the plant body 2°52%, P is
epistatic to R. B on the other hand results in the deposition of anthocyanins in the floral
abscission zone, embryo spot, tuber eye spots and stem nodes 2%.

The color traits discussed above are important not only from a genetic or evolutionary
point of view, but also for commercial and human-health purposes. Tuber flesh or skin color is
one of the major determinants of whether various potato varieties are processed for the french-
fry market, for chipping (potato chips/crisps), retail store sale (i.e fresh market), specialty
markets, or for other uses 2%-32, Thus, the inheritance of color from wild potato accession or
species - these tend to be heavily colored - can create a major bottleneck during breeding.
Some of the important potato agronomic traits, such as the aforementioned, are introgressed
into the cultivated varieties from the wild accessions, landrace varieties, or wild species. A
potato plant that is resistant to all potato diseases, has ideal size tubers, and is resistant to
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major pests and harsh climatic conditions, can be rejected by growers and processing
companies if its tuber flesh is red or light purple instead of the preferred white color. This, of
course, is a major challenge for plant breeders.

Additionally, potato color might be important for human health. Some studies have
indicated that pigmented potato that have a high anthocyanin content improve health by
increasing the amount of dietary antioxidants *®. Therefore, understanding the inheritance of
color in potato might have huge implications in the future. The presence of a gene that blocked
expression of color in the F1 seeds of GND (female) x IvP35 provided an opportunity to map the

color loci.

2.2. Seedsize
| also observed strong variation in seed size in the F1 and F2 seed. This was a binary

trait with the seeds being big or small as determined by visual examination. Seed size is another
important agronomic trait. Seeds are the source of nutritional calories or industrial raw material
for some seed crops. Additionally, farm and industrial equipment used for seed planting,
harvesting, and processing are customized to defined seed sizes. Seeds smaller than the
standard size might be overplanted, lost, or damage equipment during harvesting and
processing.

Biologically, seeds were one of the most important evolutionary adaptations that led to
the success of seed plants. The seed is a complex and unique adaptive organ made of tissues
with one of three unique genetic makeup that include the seed coat (maternal genetic makeup),
the embryo (1:1 maternal:paternal DNA) and the endosperm (2:1 maternal:paternal DNA). All
these tissues are interdependent, and have complex communication and signaling among them,
and with the endosperm providing nutrition to the embryo 303304,

One of the most fascinating evolutionary outcomes of propagation of species through
seeds is the well documented paternal-maternal conflict where the male and female parents
“attempt” to control seed size to increase their competitive edge 1¢73%. The paternal-maternal
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conflict hypothesis postulates that there are male genes that have evolved the function of
increasing the size of the endosperm to attract more nutrients for their offspring. This leads to
large endosperms. However, this is detrimental to the success of the half-sibs from the female
and different males as bigger seeds deplete resources that would otherwise be used to develop
these half-sibs from a different male. Therefore, plant have evolved maternal parent genes to
counteract the male genes that increase seed size, at least within a population 167:304-306 Thijs
advantages the female by ensuring that she produces more offspring each with equal chance of
success as all seeds she produces have her genetic makeup even though they might be half-
sibs.

Differences in seed size tend to be observed when individuals from different natural
populations cross %37, This is hypothesized to be due to the evolutionary arms-race between
paternal and maternal control of seed size. Within a population, the maternal and paternal seed
size control genes have reached equilibrium. However, upon outcrossing to a different
population, the paternal alleles “escape” the repression by the female genes, and thus result in
larger seeds. However, it is generally recognized and shown that maternal parents influence
seed size more than paternal parents 16°3933% The size of the seed can accurately be predicted
in some cases 3%. Breeders can take advantage of this phenomenon to control seed size to suit

agriculture by selecting alleles that give uniform seed size.

3. Methods

The population described in chapter 3 was used in this analysis. It was obtained by
crossing GND (female) to IvP 35. This population as well as the analytical methods used were
described in the previous chapter. The seed phenotypes (size, spotting) were determined before
the seeds were sowed. The individuals used in this study thus came from one of four possible

seed categories: large spotted (LSP), large non-spotted (LNS), small spotted (SSP) and small
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non-spotted (SNS). | did not phenotype the progeny of the individuals that came from these

seeds.

4. Results
4.1. Phenotypes - seed spot and seed size
IvP35 was bred by Hermsen & Verdenius * to be homozygous for the embryo spot for

the purpose of identifying haploids following haploid induction crosses. IvP35 and other IvP lines
were tested and confirmed to be homozygous for embryo spot genes (BBPP) by crosses to a
tester line that is recessive for both color genes (bbpp) 2. It also has deep purple flowers,
flower/fruit abscission zone, tuber flesh and skin, internodes, and stem. GND on the other hand
has light purple flowers, white tuber flesh, white tuber skin, purple-red abaxial leaf surfaces, and
lightly colored green stems.

| expected 100% of the F1 seeds from GND x IvP35 to be spotted. However, some of
the seeds in the F1 were non-spotted. These non-spotted seeds produced diploid seedlings
(confirmed using flow cytometry) as did the spotted. Thus the lack of spots was not due to the
formation of haploids. Most likely, this is a result of blocking of the embryo-spot character by a
gene in GND. A count of 1505 F1 seeds showed that only 57.3% of them were spotted.

Additionally, the F1 and F2 plants produced from this cross exhibited diverse flower
colors that included purple, deep purple, light purple, and sometimes purple-tinted white, white,
or white with speckles. Variations in the rest of the plant body were also observed including in
the tuber flesh and skin color, the stem color, and leaf color. | hypothesize that GND is
heterozygous for a negative regulator of one or more of the embryo-spot genes. This gene also
affects colors in other organs 2°°2%, From my casual observations, and in line with literature,
SSP and LSP (spotted seeds) plants had deeper colors compared to the LNS and SNS plants.

A similar phenomenon was observed for seed size with 38.2% of the F2 seeds being

small. All four phenotypic categories i.e large spotted, small spotted, large non-spotted, and
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small non-spotted appear in both F1 and F2. The size of the seeds that gave rise to the parental
lines cannot be determined. Of the 1128 F2 seeds counted, 38.4% were spotted and 31% were
small. Seed size was binary with seeds either being large or small. By visual observation, 318
F2 seeds were separated into large and small seeds. To quantify and statistically confirm the
size difference, the length (longest axis) each seed was measured under a Zeiss dissecting
stereoscope and images processed using the Zeiss Zen Imaging software.

The mean seed size for large seeds was 30.31 mm and that of small seed size was

25.8mm (Table 8 and Figure 20). These seed size differences are statistically significant (p-

value of pairwise t-test of seed size is less than 2e-16 (Table 9 and Table 10). There is no

difference in seed size between spotted and non-spotted seeds. Similar observations (Table 11)
were obtained in the F1 generation (n=177).

The first thought upon observation of small seeds from crossing GND (a non-haploid
inducing line) to the IvP35 (a haploid inducer) was that they were a result of formation of haploid
embryos. However, flow cytometric analysis determined both the large and small seeds
produced diploid seedlings. With haploid induction ruled out, the alternate hypothesis | could

formulate to explain the difference in seed size was maternal-paternal conflict.

4.2. Sequencing and Haplotyping
The GND allele frequency (at positions fixed for parental SNPs i.e GND is AA and IvP35 is aa)

was plotted for the spotted and non-spotted bulks (Figure 21). A region associated with the seed
spot suppression trait will have an increased (>0.5) GND allele frequency in the non-spotted
bulk and a corresponding decrease in the spotted bulk. A region on chromosome 10 had the
highest allele frequency difference (Figure 22).

| proceeded to attempt mapping using these SNPs in the r/gtl. However, as with prior
experience, this did not yield any significant results. A much bigger population would be needed

to detect any signal. My hypothesis is that GND is heterozygous for the allele that regulates

76



anthocyanin biosynthesis. It is therefore better to map for these genes using SNPs that are
heterozygous in GND (Aa) and homozygous in IvP 35 (AA). The Ivp35 SNP has to be one of the
two alleles in GND. As such, there will be three haplotypes segregating in the F2 - two from
GND and one from IvP35. The mapping strategy was the same as the one presented in chapter
3.

There were 1,935,345 GND heterozygous positions. Of those, | was able to phased
1,196,238 (61%) of SNPs for mapping. To genotype the F1 and F2, the genome was partitioned
into 6,511 100 kb non-overlapping bins and the genotype in each bin determined for each
sample as previously discussed in Chapter 3 of this thesis. These bins were used as markers
for mapping. Mapping was performed using three of the algorithms implemented in the r/qgtl
package using default settings. These algorithms are the EM, HK and multiple imputation
algorithms 278:285-288_gGjince the two seed traits are binary, mapping was also done using a
logistic regression model by specifying the model (model="binary”) in the call to the scanone

mapping function of the r/qtl package.

4.3. Mapping results for the seed spot
The HK algorithm detected a QTL on the distal end of chromosome 10 (p-value = 0.025)

and a minor one that is not robust on chromosome 8 (p=0.047). The QTL interval is
chr10:48500000-56600000 with the peak at chr10:56200000. On the other hand, the less
powerful EM algorithm did not detect any QTLs while the multiple imputation algorithm results
identified many peaks, which is too noisy for any meaningful interpretation. The plot of the LOD
scores from these three algorithms are in Eigure 23. Similar results were obtained when the
mapping was done using a logistic regression where one QTL was obtained on chromosome 10
with a peak in the bin 60500000. The interval is between chr10:55400000-60800000 (p-val =
0.004). The distal arm of chromosome 10 is known to harbor several anthocyanin biosynthesis
genes and transcription factors 2%, This result is encouraging. With an expanded population, the
mapping of the seed spot trait is likely to give clearer results.

77


https://paperpile.com/c/UjNfoH/7yuO+yAzG+3qAe+o34qt+AeOb
https://paperpile.com/c/UjNfoH/4zeif

Attempts to map using the homozygous SNPs (GND AA and IvP aa) or by IvP35

heterozygous SNPs (GND AA and IvP35 Aa) did not identify any QTLSs (results not shown).

4.4. Mapping seed size results
Mapping seed size genes was attempted in similar methods as seed spot was mapped

above. Preliminary analysis was first done by plotting the GND allele frequency for the large
seed and small seed bulks. There were minor differences in allele frequency as would be
expected of any two populations. However, these were much smaller than the typical allele
frequency differences (0.3 to 0.7) observed in BSA analysis (Figure 24) 281283309 QTL mapping
using the three SNP-types used for seed spot mapping above and in chapter 3 did not identify
any QTL as was expected from the preliminary analysis (Figure 25). A deliberate and proper
experimental design using individuals from reciprocal crosses is needed to map for seed size

genes and to identify QTLs that are likely to be involved in maternal-paternal conflict.

5. Discussion

This study, even though not comprehensive, was able to identify a region on the distal
end of chromosome 10 that potentially harbors a gene that controls deposition of color on the
embryo SAM region, and most likely other organs that are analogous to the embryo spot such
as the stem nodes and flower abscission zone 2%, This region has already been shown in
several mapping studies to have at least three and up to nine anthocyanin biosynthesis genes
including a R2R3-MYB transcription factor and anthocyanin biochemical pathway genes
298,299,301,308,310311 ' These |oci were described in the early 1900s and the identity of some of the
genes underlying these loci has only been revealed recently 207301311312

Variation in color is usually controlled by gene expression regulation rather than by the
absence or presence of the basic anthocyanin biochemical pathway genes 29:299.301,308,310,311,
The gene responsible for the lack of seed embryo-spot in my material most likely acts in trans to

regulate the expression of anthocyanin biosynthesis in these organs. The plants are not
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https://paperpile.com/c/UjNfoH/hjLO+WoGi+XIlm
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https://paperpile.com/c/UjNfoH/4zeif+V2ppu+4uKjx+DPSeO+nqLin+D2Pm1

colorless but rather have varying expressions of color in different organs. Alternatively, the gene
could be epistatic to the biosynthesis genes either converting the precursor to the colored
anthocyanins to other biochemical products or altering the anthocyanins themselves to a
different non-colored product. Either way, identifying these genes is critical.

The attempt to map the seed-size genes was not successful, most likely because of the
sub-optimal design. Crosses between GND x IvP35 were not reciprocal. The F2 was obtained
by pooling pollen from 50 plants and using it to pollinate the same plants. Thus, there is no way
to determine which F1 produced which F2. When GND (male) was crossed to a different
accession, DM 1-3 (female), all the seeds were large. Seed size within natural populations is
usually uniform. However, crossing individuals from two or more populations can lead to
differences in seed size most likely due to relaxation of maternal control over paternal genes
304,305,307.

The experimental setup above is not ideal for testing whether the small seed size is a
male or female-determined trait. Diallel crosses between individuals in this population would be
ideal for this type of study 3°°. Nonetheless, | attempted mapping the seed size gene using the
population.

I cannot confidently say that seed size differences were due to cross-direction and
therefore maternal-paternal conflict. However, even if we were sure that the seed size
differences were due to parental conflict, the power to detect QTLs controlling seed size would
be low in my setup as these are only expressed from either male or female. Thus the effect of
maternally-expressed seed size genes that are transmitted through the male are not apparent;
these lead to phenotypic differences only when expressed from the female parent. The

paternally-expressed seed size genes act analogously in the opposite direction.
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6. Conclusion

The biggest change in commercial potato genetic studies, breeding, and agronomy has
been proposed by several leading potato geneticists and breeders 31334, The proposal calls for
the development of diploid inbred potato varieties that can be used to make hybrids that can be
propagated through true potato seed (TPS). The proposal has spawned several startup
companies such as Aardevo B.V (USA and Germany) and Solynta B.V (Netherlands) with tens
of millions of dollars in funding, and has shifted some focus of major breeding companies and
universities towards study and implementation of true-hybrid diploid potato farming and
production away from the traditional non-sexual, tuber-propagated tetraploid varieties. This
proposal is very ambitious and is almost equivalent to domestication of a new crop. Among
things that will have to be considered, is grower and consumer tuber-color preference. Most of
the genetic variation that is set to be acquired from the hundreds of diploid wild and cultivated
accessions will have genetic drag associated with anthocyanin biosynthesis genes.
Understanding and selecting for genes such as the one responsible for turning off the
anthocyanin production in the embryo spot will be of paramount importance 239308 |ndeed,
the diploid hybrid potato proposal has called for a fixation of major color genes in the various
inbreds that will be used for making hybrids 33

Seed size might also be an important factor. In potato, limited studies suggest that seed
size in potato, and other crops, affects the seedling sturdiness which might have important
implications for establishment of planted seeds in a field 3°. Seed size has also been shown to
affect the tuber yield, with larger seeds having higher yields 3°31¢_In other species, larger seeds
have been shown to have better emergence from great soil depth and to better tolerate stressful
conditions than small seeds 3%, Thus it is important to consider seed size during making of
diploid commercial potato varieties not only for design of mechanical seed handling but also for

potential impact on tuber yield.
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My study, using a small population with non-optimal design, has been able to
identify a potential region responsible for pigmentation on chromosome 10. My results were not
very conclusive. However, that the region | identified has also been identified in various other
studies using different accessions shows that my method of study is robust, save experimental
design. A proper and larger study will unequivocally identify the responsible region. The seed

size gene might be identified using the material developed in this study.
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Chapter 5: Dissertation Conclusion and
Summary

The major aim of my study was to further the understanding of potato haploid induction
genetics, particularly by mapping the haploid induction gene. Efficient genetic haploid induction
systems are implemented in the breeding of two crops only - maize and potato. Even though the
maize haploid induction genes have been identified, attempts to utilize them in eudicots have
not been successful. The identification of potato HI gene(s) might bridge this gap.

To my knowledge, this is the first study that has established a locus associated with haploid
induction in potato. The locus is on the distal end of chromosome three. Identifying the
responsible mutation might help transform the HI in other crops such as tomato, soybeans, and
fruit trees that currently employ the laborious, and often recalcitrant, haploid production by use
of microspore culture.

This study has established a large F2 population that is segregating for HI. The data and
insights generated here lay a firm foundation for fine-mapping and eventual identification of the
haploid induction gene. Identifying the HI gene is not only important for haploid induction, but
also for study of pollen biology. The hallmark of sexual reproduction is the congregation of male
and female chromosomes in the egg nucleus. An understanding of how the deviation of this

process can occur will be of interest to geneticists, molecular, and evolutionary biologists.

A review of potato literature shows that HI is very common in potato interploidy crosses.
| generated the ploidy flux hypothesis to explain why HI is common in these crosses. This
hypothesis is testable in other species that, like potato, have mixed ploidy populations. If future
studies support this hypothesis, then it is possible that new genes that might be important for
haploid induction and other applications such as artificial apomixis or apogamy might be

identified 317,
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Finally, this study looked at two seed traits - the seed embryo spot and seed size - that
were also segregating in the population generated above. | identified a region on chromosome
10 that is derived from GND that suppresses color expression in the embryo shoot apical
meristem. A more robust experiment is needed to confirm this. This region has already shown to
harbor several other anthocyanin biosynthetic and transcription factors genes.

On the other hand, I did not identify any region associated with seed size variation most likely
because experimental setup was subpar. Seed size is usually cross direction dependent. My

sequenced individuals did not account for this.
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Tables

(Genetic stock 29)

(or 225682.22)

(IvP18, 35, 48, 101), and PLA4.
Identified as a progeny of

225682

USDA PI # Name Note Source or Reference
(accession #) Collection point
225682 - Original accession collection Market in Narifio, Hermsen & Verdinius,
segregating for high HIR Colombia 1973
GS 29 Phu 1.22 Ancestor of IvP haploid inducers Pl 225682 Gabert 1963

Hermsen & Verdinius
1973
Hutten et al 1994

P1 225702

Accession with embryo spot, and
source of IvP embryo spot.
Induces haploids at low rates

Valle del Cauca,
Colombia

Hermsen & Verdinius
1973

Table 1: Information on the historical lines that were bred for high HIR.
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Haploids as percentage Haploids as % of .

. . . Number of healthy and shriveled | Haploids

F1 Line sequencing ID| Berries haploids of healthy seed seeds per berry

(n healthy seed)
(n all seed)

SSP 12 ZR330856 9 9 18% (49) 7% (132) 1.00
LSP 04 ZR330849 6 4 19% (21) 6% (62) 0.67
LNS 15 ZR330844 6 3 6% (54) 3% (110) 0.50
LNS 09 NA* 12 5 (NA) 6% (77) 0.42
SNS 01 ZR330827 11 2 5% (43) 1% (145) 0.18
SNS 08 ZR330826 6 1 8% (13) 1% (67) 0.17
SNS 03 ZR33082 6 0 0% (9) 0%(29) 0.00
SSP 01 ZR330814 5 0 0% (78) 0% (102) 0.00
SSP 11 ZR33085 5 0 0% (13) 0% (19) 0.00

Table 2. Haploid induction of F1 plants.

*Individual not sequenced but data is reported to show the variation in F1 HI rates.
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Haploids as

Haploids as %

_ _ _ Number of percentage of |of hea_lthy and HI Rate HI

F2 Line sequencing ID Berries haploids healthy seed shriveled per berry Cate

(n healthy seeds gory
seed) (n all seed)

SSP 345 ZR330860 6 11 31% (35) 13% (86) 1.83 Great

LSP 371 ZR330854 8 10 31.3 % (32) 10% (103) 1.3 Great

LNS 327 ZR330858 5 6 20% (30) 9% (70) 1.20 Great

SNS 517 ZR330859 5 6 38% (16) 7% (87) 1.20 Great

SSP 343 ZR330857 6 7 35% (20) 8% (93) 1.17 Great

LNS 394 ZR330853 6 6 38% (16) 6% (95) 1.00 Great

SSP 530 ZR330855 5 5 6.3% (80) 4% (131) 1.00 Great

LSP 541 ZR330877 6 5 10% (48) 7% (76) 0.83 Very Good

SSP 382 ZR330851 6 5 13% (39) 5% (99) 0.83 Very Good

SSP 344 ZR330852 5 4 11% (36) 6% (67) 0.80 Very Good

SNS 350 ZR330850 4 3 37.5% (8) 11% (27) 0.75 Very Good

SSP 339 ZR330848 6 4 67% (6) 9% (46) 0.67 Very Good

LNS 328 ZR330847 11 7 22% (32) 9% (76) 0.64 Good

SSP 532 ZR330846 5 3 6% (38) 3% (98) 0.60 Good

SNS 353 ZR330843 6 3 33% (9) 9% (35) 0.50 Good

SNS 547 ZR330871 4 2 11% (8) 6% (33) 0.50 Good

SNS 551 ZR330845 4 2 25% (8) 5% (41) 0.50 Good

SSP 340 ZR330873 4 2 11% (19) 2% (85) 0.50 Good

LNS 329 ZR330842 5 2 13% (15) 4% (47) 0.40 Good

LSP 503 ZR330841 5 2 15% (13) 7% (30) 0.40 Good

LSP 565 ZR330840 5 2 3% (59) 2% (81) 0.40 Good

SNS 384 ZR330869 5 2 1% (224) 1% (>224) 0.40 Good

SSP 504 ZR330875 5 2 11% (19) 3% (67) 0.40 Good

SSP 507 ZR330837 9 3 12.5% (24) 4.8% (63) 0.33 OK

LNS 543 ZR330838 6 2 7% (27) 4% (21) 0.33 OK

LSP 538 ZR330839 6 2 1% (162) 1% (227) 0.33 OK

SSP 381 ZR330836 7 2 11% (18) 5% (41) 0.29 OK

LNS 393 ZR330861 4 1 7% (14) 4% (24) 0.25 OK

LSP 361 ZR330864 4 1 7% (14) 2% (52) 0.25 OK

LSP 563 ZR330866 4 1 33% (3) 6% (17) 0.25 OK

SNS 388 ZR330834 4 1 17% (6) 4% (28) 0.25 OK

SSP 379 ZR330835 4 1 17% (6) 5% (18) 0.25 OK

LNS 390 ZR330828 5 1 5% (21) 2% (62) 0.20 OK

LNS 511 ZR330832 5 1 11% (9) 2% (46) 0.20 OK

LSP 525 ZR330829 5 1 5% (19) 2% (63) 0.20 OK

SNS 521 ZR330830 5 1 25% (4) 9% (11) 0.20 OK

SSP 506 ZR330831 5 1 1% (78) 1% (19) 0.20 OK

SSP 531 ZR330833 5 1 5% (20) 2% (51) 0.20 OK

LNS 330 ZR330824 6 1 3% (29) 2% (48) 0.17 OK

LNS 333 ZR330822 6 1 17% (6) 2% (42) 0.17 OK

LNS 334 ZR330876 6 1 5% (19) 2% (65) 0.17 OK

LSP 537 ZR330825 6 1 8% (12) 3% (31) 0.17 OK

SNS 351 ZR330823 6 1 10% (10) 2% (41) 0.17 OK

LSP 354 ZR330821 9 1 4% (24) 3% (37) 0.11 OK

LNS 311 ZR330816 5 0 0% (5) 0% (34) 0.00 WT

LNS 332 ZR33081 5 0 0% (12) 0% (27) 0.00 WT

LNS 391 ZR330820 5 0 0% (10) 0% (21) 0.00 WT

LNS 508 ZR33086 6 0 0% (18) 0% (28) 0.00 WT

LNS 509 ZR330862 4 0 0% (16) 0% (20) 0.00 WT

LSP 304 ZR33087 6 0 0% (10) 0% (25) 0.00 WT

LSP 360 ZR330863 5 0 0% (TMTC) 0% (TMTC) 0.00 WT
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LSP 365 ZR33088 6 0 0% (6) 0% (34) 0.00 WT
LSP 366 ZR33089 5 0 0% (10) 0% (17) 0.00 WT
LSP 373 ZR330878 6 0 0% (22) 0% (47) 0.00 WT
LSP 374 ZR330810 7 0 0% (33) 0% (40) 0.00 WT
LSP 522 ZR330879 5 0 0% (13) 0% (31) 0.00 WT
LSP 526 ZR330818 5 0 0% (6) 0% (11) 0.00 WT
LSP 536 ZR330865 6 0 0% (10) 0% (23) 0.00 WT
LSP 540 ZR330811 6 0 0% (52) 0% (80) 0.00 wWT
SNS 322 ZR330867 5 0 0% (22) 0% (30) 0.00 wWT
SNS 352 ZR330812 6 0 0% (10) 0% (30) 0.00 WT
SNS 357 ZR330868 3 0 0% (419) 0% (437) 0.00 WT
SNS 358 ZR330817 7 0 0% (18) 0% (40) 0.00 WT
SNS 515 ZR330880 5 0 0% (61) 0% (83) 0.00 WT
SNS 518 ZR330881 1 0 0% (TMTC) | 0% (TMTC) 0.00 WT
SNS 520 ZR330870 5 0 0% (22) 0% (40) 0.00 WT
SNS 546 ZR330819 5 0 0% (4) 0% (25) 0.00 WT
SNS 549 ZR330813 5 0 0% (16) 0% (33) 0.00 WT
SSP 338 ZR330872 4 0 0% (11) 0% ( 57) 0.00 WT
SSP 341 ZR330815 8 0 0% (13) 0% (31) 0.00 WT
SSP 380 ZR33083 5 0 0% (11) 0% (15) 0.00 WT
SSP 501 ZR330874 1 0 0% (27) 0% (29) 0.00 WT
SSP 502 ZR33084 6 0 0% (19) 0% (28) 0.00 wWT

Table 3. Haploid induction rates of the sequenced F2 plants.

TMTC is too-many-to-count. Bold sequencing IDs are not the actual sequencing IDs but codes during
analysis to simplify parsing of my data.
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Seed death rate

Line Berries Dead seed (n) HI rate Dead seed/berry
GND 4 13 0 3.25
GS 29 (Phu 1.22) 6 21 0.5 3.50
IVP 101 5 52 1 10.40
IVP 35 7 47 0.1 6.71
IVP 48 4 18 0.3 4.50
LNS 15 6 56 0.5 9.33
LNS 311 5 34 0 6.80
LNS 327 5 40 1.2 8.00
LNS 328 11 44 0.6 4.00
LNS 329 5 32 0.4 6.40
LNS 330 6 19 0.2 3.17
LNS 332 5 15 0 3.00
LNS 333 6 36 0.2 6.00
LNS 334 6 46 0.2 7.67
LNS 344 5 28 0 5.60
LNS 390 5 41 0.2 8.20
LNS 393 4 10 0.3 2.50
LNS 394 6 79 1 13.17
LNS 395 4 32 0.5 8.00
LNS 508 6 10 0 1.67
LNS 509 4 4 0 1.00
LNS 511 5 37 0.2 7.40
LNS 543 6 21 0.3 3.50
LSP 04 6 41 0.7 6.83
LSP 304 6 15 0 2.50
LSP 354 9 13 0.1 1.44
LSP 361 4 38 0.3 9.50
LSP 365 6 28 0 4.67
LSP 366 5 7 0 1.40
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LSP 371 8 81 13 10.13
LSP 373 6 25 0 4.17
LSP 374 7 7 0 1.00
LSP 377 5 10 0.2 2.00
LSP 503 5 17 0.4 3.40
LSP 506 5 4 0 0.80
LSP 522 5 18 0 3.60
LSP 525 5 44 0.2 8.80
LSP 526 5 5 0 1.00
LSP 536 6 13 0 2.17
LSP 537 6 19 0.2 3.17
LSP 538 6 65 0.3 10.83
LSP 540 6 28 0 4.67
LSP 541 6 28 0.8 4.67
LSP 563 4 14 0.3 3.50
LSP 565 5 22 0.4 4.40
SNS 01 11 102 0.2 9.27
SNS 03 6 20 0 3.33
SNS 08 6 67 0.2 11.17
SNS 322 5 8 0 1.60
SNS 350 4 19 0.8 4.75
SNS 351 6 31 0.2 5.17
SNS 352 12 20 0 1.67
SNS 353 6 26 0.5 4.33
SNS 357 3 18 0 6.00
SNS 358 7 22 0 3.14
SNS 388 4 22 0.25 5.50
SNS 515 5 22 0 4.40
SNS 517 5 71 1.2 14.20
SNS 520 5 18 0 3.60
SNS 521 5 7 0.2 1.40
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SNS 546 5 21 0 4.20
SNS 547 4 15 0.5 3.75
SNS 549 5 17 0 3.40
SNS 551 4 33 0.5 8.25
SSP 01 5 24 0 4.80
SSP 11 5 6 0 1.20
SSP 12 9 83 1 9.22
SSP 338 4 46 0 11.50
SSP 339 6 40 0.7 6.67
SSP 340 4 66 0.5 16.50
SSP 341 8 18 0 2.25
SSP 343 6 73 1.2 12.17
SSP 344 5 31 0.8 6.20
SSP 345 6 51 1.8 8.50
SSP 379 4 15 0.25 3.75
SSP 380 5 4 0 0.80
SSP 381 7 23 0.3 3.29
SSP 382 6 60 0.8 10.00
SSP 501 1 2 0 2.00
SSP 502 6 9 0 1.50
SSP 504 5 48 0.4 9.60
SSP 506 5 19 0.2 3.80
SSP 507 9 39 0.3 4.33
SSP 530 5 51 1 10.20
SSP 531 5 31 0.2 6.20
SSP 532 5 50 0.6 10.00

Table 4. HIR and seed death rate for F1 and F2 lines, GND, IvPs and Phu 1.22.

HIR (haploid induction rate) and seed death are measured as the number of haploids per berry and the
number of dead seeds per berry, respectively. Seeds from each harvest were counted for presence of
spotted, non-spotted, and dead seeds.
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Atlantic

Burbank

DM 1-3

Dakota Diamond

Early Rose

Garnet Chili

IPK Desiree

Irish Cobbler

Kalkaska

10

Katahdin

11

Kennebec

12

LOP868

13

Missaukee

14

Mountain Rose

15

Norland

16

P1 195191 Phureja

17

Pl 195204 Stenotomum

18

Pl 210044 Solanum candolleanum

19

Pl 214421 Andigena

20

P1 225710 Phureja

21

Pl 230512 Stenotomum

22

Pl 234011 Stenotomum

23

Pl 234013 Stenotomum

24

Pl 243469 Phureja

25

Pl 245847

26

Pl 245935 Andigena

27

Pl 245940 Andigena

28

PI 258874 Andigena

29

P1 258885

30

P1 265863 Solanum candolleanum

31

Pl 265872 Solanum medians
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32

P1 275139 Solanum chacoense

33

PI 275216 Solanum ehrenbergii

34

PI 275260 Solanum verrucosum

35

P1 292110 Stenotomum

36

PI 296126 Solanum raphanifolium

37

PI 320355 Phureja

38

Pl 365339 Solanum chomatophilum

39

Pl 365344 Stenotomum

40

PI 365345 Andigena

41

Pl 458324 Solanum infundibuliforme

42

Pl 458355 Solanum microdontum

43

PI 458365 Solanum berthaultii

44

Pl 458368 Solanum okadae

45

Pl 458424 Solanum jamesii

46

PI 472978 Solanum spegazzinii

47

PI 473065 Solanum gourlayi

48

P1 473305 Solanum vernei

49

PI 473385 Solanum sparsipilum

50

PI 498112 Solanum brevicaule

51

P1 498359 Solanum kurtzianum

52

Pl 545964 Solanum boliviense

53

PI 545987 Solanum leptophyes

54

PI 546000 Solanum megistacrolobum

55

PI1 546023 Andigena

56

P1 558050 Solanum commersonii

57

P1 558142 Andigena

58

PI 558288 Solanum etuberosum

59

Pl 607886 Andigena

60

Premier Russet

61

Purple Majesty

62

Rio Grande Russet
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63| Russet Burbank

64 |Russet Norkotah

65| Shepody

66| Sierra Gold

67|Snowden

68| Spunta

69| Superior

70| USDA Desiree

71|Yukon Gold

Table 5 - Potato varieties, wild accessions and wild species in the K71-variant panel.
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Mutation type

Predicted effect

Number of mutations

5 prime UTR variant Modifier 27
3 prime UTR variant Modifier 95
Intron variant Modifier 1176
Splice region variant Low 2
Splice region variant & synonymous variant Low 4
5 prime UTR premature start codon gain variant Low 7
Splice region variant & intron variant Low 18
Synonymous variant Low 208
Missense variant & splice region variant Moderate 7
Missense variant Moderate 285
Splice donor variant & intron variant High 1
Start lost High 1
Stop gained & splice region variant High 1
Stop lost & splice region variant High 1
Splice acceptor variant & intron variant High 3
Stop gained High 11
Total 1847

Table 6. The effect of IvP35 heterozygous SNPs in the QTL on protein function.

Only 1847 of the 7319 SNPs within the QTL region were predicted to have an effect on protein.
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Gene

Annotation

Soltu.DM.03G014820

RNI-like superfamily protein

Soltu.DM.03G014870

NAD(P)-linked oxidoreductase superfamily protein

Soltu.DM.03G014910

P-loop containing nucleoside triphosphate hydrolases superfamily protein

Soltu.DM.03G014920

Tonoplast intrinsic protein 5;1

Soltu.DM.03G015010

Tetratricopeptide repeat (TPR)-like superfamily protein

Soltu.DM.03G015280

Glycosyl hydrolases family 32 protein

Soltu.DM.03G015300

SKUS5 similar

Soltu.DM.03G015350

Plant invertase/pectin methylesterase inhibitor superfamily

Soltu.DM.03G015370

Plant invertase/pectin methylesterase inhibitor superfamily

Soltu.DM.03G015440

Plant invertase/pectin methylesterase inhibitor superfamily protein

Soltu.DM.03G015560

Plant invertase/pectin methylesterase inhibitor superfamily protein

Soltu.DM.03G015610

UDP-glucosyl transferase 85A2

Soltu.DM.03G016060

AP2/B3-like transcriptional factor family protein

Soltu.DM.03G016210

DEAD box RNA helicase (PRH75)

Soltu.DM.03G016220

Peptidase family M48 family protein

Soltu.DM.03G016230

Tetratricopeptide repeat (TPR)-like superfamily protein

Soltu.DM.03G016270

Subtilase 1.3

Soltu.DM.03G017120

Leucine-rich repeat transmembrane protein kinase

Soltu.DM.03G017150

Predicted transmembrane protein 161AB domain containing protein

Soltu.DM.03G017530

Remorin family protein

Soltu.DM.03G017570

CAP160 protein

Soltu.DM.03G017600

Arabidopsis thaliana protein of unknown function (DUF821)

Soltu.DM.03G018690

Kunitz family trypsin and protease inhibitor protein

Soltu.DM.03G018830

Hypothetical protein

Soltu.DM.03G018860

Kinase interacting (KIP1-like) family protein

Soltu.DM.03G018880

Xyloglucan endotransglucosylase/hydrolase

Soltu.DM.03G018990

Hypothetical protein

Soltu.DM.03G019010

Conserved hypothetical protein

Soltu.DM.03G019030

Homeodomain-like superfamily protein
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Table 7. Candidate gene list.

These are “conserved” genes within the LOD interval that have a missense or knock-out allele in IvP35.
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Mean seed size (mm) [LNS LSP SNS SSP

B2 30.79395 30.971 26.22964 25.5168
B3 29.1328 29.62103 25.96011 25.69775
B4 30.53041 30.1758 25.46889 26.3745
B5 29.6576 - - 25.889
Mean total (mm) 30.10659 30.18125 25.74019 25.88346
Total seeds 100 85 73 61
mean standard error | 0.227252 0.2708613 0.2774411 0.2157598

Table 8. F2 Seed size measurements.

Several batches (B1-B5) of F2 seeds were scooped with a spatula from the total of F2 seed stock. Seed
from each of these batches was then separated into large non-spotted (LNS), small non-spotted, large
spotted (LSP) and small non-spotted (SSP) categories. Seed size was considered a binary trait (large or
small). The size of each individual seed was then measured to quantify the magnitude of those
differences. The data from B1 was omitted. The measurements seem mixed up (i.e SSP measurements
were larger than LSP) and so the data set was thrown out (n=60). In total, 318 seeds were analyzed. The
values for batch 5 LSP and SNS were not measured. B5 LSP and SNS were not measured.
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B2_LNS

B2_LSP

B2_SNS

B2_SSP

B3_SNS

B3_LSP

B3_SSP

B3_LNS

B4_SNS

B4_LNS

B4_SSP

B4_LSP

B5_LNS

B2_LSP

0.83473

B2_SNS

1.60E-06

3.20E-06

B2_SSP

2.90E-10

1.40E-08

0.46482

B3_SNS

4.10E-12

1.20E-08

0.55929

0.80442

B3_LSP

0.07495

0.10309

0.0001

8.80E-08

1.40E-08

B3_SSP

B4_SNS

2.40E-10

1.40E-08

3.00E-08

B3_LNS

8.40E-08

0.76126

0.55929

0.70286

1.10E-07

0.00078

2.40E-06

1.10E-06

0.5565

5.40E-06

0.46827

0.95316

0.78828

1.60E-06

0.56914

1.70E-05

B4_LNS

0.72229

0.62798

5.90E-06

1.40E-08

2.80E-09

0.21189

1.70E-08

0.05149

1.10E-07

B4_SSP

1.90E-06

3.80E-06

0.88358

0.34545

0.44971

0.00012

0.62518

0.00096

0.36952

7.60E-06

B4_LSP

0.3966

0.38024

1.40E-05

1.40E-08

1.10E-09

0.46827

1.40E-08

0.14286

1.90E-07

0.63281

1.70E-05

B5_LNS

0.10781

0.12751

0.00013

4.00E-07

1.60E-07

0.95316

9.70E-07

0.54939

3.10E-06

0.26514

0.00017

0.53554

B5_SSP

2.90E-10

2.90E-08

0.69413

0.61207

0.7686

8.80E-08

0.90593

3.60E-06

0.61982

2.40E-08

0.55929

1.40E-08

8.20E-07

Table 9. P-values pairwise comparison for the F2 seed size categories.

The green highlight shows the expected trend (i.e large seeds are not significantly different from large
seeds, spotted or not; ditto small seeds). This was true for all comparisons except for Batch 3 LNS seeds
when compared to Batch 2 LNS and LSP. Even then, note that B3 LNS mean seed size of 29.13280 mm is
(slightly lower than that of B2 LSP and B2 LNS), whereas the mean seed size for all large seeds is 30.1
mm and mean small seed size is 25.8 (Table 8).
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F2 seed LNS LSP SNS
(Mean seed size) (30.10 mm) (30.18 mm) (25.74 mm)
LSP (30.18 mm) 0.83 - -
SNS (25.74 mm) <2e-16 <2e-16 -

SSP (25.88 mm) <2e-16 <2e-16 0.82

Table 10. Pairwise t-test comparison of F2 seed categories.

P-values for comparison for all the F2 seed categories (n=318) in the bulked batches (B2-B5, Table 8)
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F1 seed category

(mean seed size) F1_SSP (21.83 mm) F1_SNS (23.47 mm) F1_LSP (29.64 mm)
F1_SNS (23.47 mm) 0.057 - -

F1_LSP (29.64 mm) 3.50E-11 2.00E-16 -

F1_LNS (29.04 mm) 1.90E-10 2.00E-16 0.071

Table 11. P-value for pairwise t-tests for the F1 seed categories (n=177).

Mean seed size values are shown in brackets. Levene's test for homogeneity of variance is 0.3049 and
the p-value for an ANOVA test is p-value < 2.2e-16.

101



Fiqures

Normal fertilization — Diploids

3N Endosperm

Parthenogenesis
3N Endosperm

~~ 1N Embryo

Figure 1. Models for haploid induction in maize.

Parthenogenesis, genome elimination, pseudo-fertilization models for haploid induction are
represented for a conceptual diploid. For simplicity, polytubey is not represented here and these
processes are explained in the context of a regular diploid x diploid cross. A well-documented example
of genome elimination is CenH3-based haploid induction and wheat interspecific haploid inducing
crosses 447101102 Figyre created by Professor Luca Comai and myself.
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Egg pseudofertilization
Limited transfer of molecules
/Eagg sac T | P N Karyogamy Bx
y N, yd N / Endosperm
Centra\i ell, 4x ;Spe”" / N\ /. / P
i ' ; . . . ". . \ v ) ‘wl : H | ] :
" /7 \Egg cell, 2x | & - ' 2x Embryo
\ | 2x sperm
V. /Sperm, 2x - AN
v ' A Degenerating )
/_i-'/ | Foe cel\ ! spéqrm o 7/ Haploid
/ activated
_______ . Vi zygote
First pollen tube entry Pﬁ")f'ytubey-;lu Defective sperm-cell fusion /
| L '

Figure 2. Potato pseudo-fertilization model following a 4X x 2X haploid induction cross.

In the pseudo-fertilization, the first pollen tube sperm does not fuse to the egg resulting in attraction of
more pollen tubes. Sperms that attach to the egg can transfer limited material (egg-sperm cell
recognition signals, RNA, and other cytoplasmic molecules. These activate zygotic transition in the
unfertilized egg. An unreduced pollen sperm fertilizes the central cell to form the 6X endosperm. It is
conceivable that a reduced pollen sperm can fertilize the central cell but a pentaploid endosperm is not
well tolerated to triploid block. Figure created by Professor Luca Comai and myself.

103



Desiree x IvP 35

showing 3 classes of seeds:
spotted, non-spotted
and "zombies"

Figure 3. Spotted, non-spotted, and dead seeds seeds from a haploid induction cross.

The seeds were obtained from eight berries resulting from a cross of cv. Red Polenta (Desiree) to the
IvP35 haploid inducer. The spotted seeds (the group on the lower left corner) have the haploid inducer
genome. The non-spotted seeds (the group on the upper right corner) could be either accidental selfs
(rare for an experienced student) or haploids. The dead seeds (the group on the right) are flat and
without embryo and endosperm.
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A=51.B=52 C=53

S | diploid plant

Alarge healthy, diploid population
ganotype = AB
.
A single sead is dispersed
in & new anvironmant

anly 2 saads Mo mates
fi d

are forme 2N pollen (AB) Extinction
Tetraplod seed #'_
miil?mw I Gename doubling results

) from 2N Ggql x 2N IpDII
| s 2N pollen (AB] R pollan (A ar B)
2N |
Hundreds of seeds (AB?W s

1N owula
(Aor B)

2N pallen

Large tetraploid
population is established

Selfing habit is
enabled

AB pollen can
pollinate all egy
types (AA, BB, AB)

Figure 4a. Tetraploidization of a diploid population.

| designed Figures 4a and 4b but they were drawn by Professor Luca Comai.
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New large 4X
population meets
existing 4X population
with other S-alleles

New S-allele combination

., AABB,AACC, AADD,
BBCC, BBDD, CCDD

Mating with existing 4x
population is possible

Haploid induction

AB, AC, AD, BC, CD, BD diploid seed.

Sl is reactivated: outcrossing habit is
now predominant

Figure 4b. Tetraploidization of a diploid population.
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Diploid seed move to a tetraploid population

Diploid individual makes:
Diploid cannot self
2n pollen x existing tetraploid
or
Cross with 4x 2neggs X existing tetraploid
Conversion to
Tetraploid Diploid tetraploid mode
CCDD X AB (selfing)
Haploid induction More S-alleles are
4 required at the 4x level
CC, DD, CD
diploid seed
l J' Haploid induction
Dihaploid individuals can mate 2x level; outcrossing mode

with the entrant diploid population

Figure 5: Mating mechanism depending on the population history.

The number S-alleles are a proxy for genetic diversity. In an abundance of S-alleles, diploid level
outcrossing mode is favorable as it reduces inbreeding depression. When S-allele diversity is low, selfing
and clonal propagation are favored mode of reproduction as these prevent extinction.
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_________________ L — T — -
: P1225702 clone 2 , .~ Pl225682clone22 ~* ~
X Purple spot parent 1 [/ Phu 1.22 (GS 29)
| =0. I =0,
: HIR = 0.08 h/b . \ HIR =0.44 h/b

]

Spotted (BbPp) . \___r\'lon-spotted (bbPP) _~*

F1 clone 7 F1clone 6
Spotted (BbPP) Spotted (BbPP)
. - | T T 1.
| G609 | * IvP 48 " - T tovP1l o * IvP 18 (Herm ’ ~N
| Gineke dihaploid : —/ Spotted \ . Spot'I(:'; :(B)BPP) I——f Spotted \ 4 187) ]
' Spotted (?) . .(sepp) - [ PROTECEEE & ~8Pp) " | N\ spotted (BoPP) .
--------- - — — ' —
Haploid Inducer Haploid
Spotted? Inducer
| Spotted
Unknown HIR / IvP 101 . I_ IvP 35
______ low HIR ) Spotted / Sootted (BBPP) -
— + — + = moderate HIR *«_(BBPP) . J_ | Spotted (BBPP) |
— x s wem s = high HIR T — - -
Blue ovals are seed parent: Red boxes are pollen parent / PL-4 )
Anthocyanin loci: P - biosynthesis; B - organ depasition \ .

.

Figure 6. A pedigree of modern haploid inducers.

The B and P loci in this case are anthocyanin biosynthesis genes that give the embryo spot. Homozygous
BBPP were bred into the modern widely used inducers to identify as many hybrid seeds as possible.
Hybrid seeds will be spotted. The HI rate classification is arbitrary and is by comparing the rate of a line
to the rest in the population from which the line was obtained. Blue ovals represent the seed parent
while the red boxes are the pollen parent.
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g GND 1 CC AA cC AA  AA
|\ chromosomes

P35 | pp AB DD AB  AB

|_chror

Parental cross
GND x IvP35
GND & | ¢ A C A A
IvP35 haplotype 1

D D A B
F1individuals
GND & ] € A c A A
| IvP35 haplotype 2 |
plotyps D A D
‘ F1 intercross
IvP35 hapl 1
|:p35 apu‘wel g £ = £ 8 F2 individuals
a. D B D A B
F2is IvP35 haplotype 1 | p B D A B
Homozygous on P35 haplotype 2
all loci IvP35 haplotype2 | p A D B A = a > = n
IvP35 haplotype 2 > A o 5 n c.
F2s have
p— c Parental
b'. 1vP35 haplotype 1 = = R genotypes GND c A c A A
F2is ] B D A B GND - - —
Homozygous on some
e | s ger A< &
A D B A Cannot be used for haplotyping
t Use for haplotyping J \ Y J

Figure 7. Haplotyping strategy.

To determine if a region in F2 has two chromosomes from GND or IvP35, the IvP35-GND homozygous
SNPs (CC and DD respectively) are used.

(a.) A region that is DD and has one IvP35 haplotype will be homozygous at all IvP35-GND heterozygous
sites.

(b.) Much like an F1, a region that is CD has one chromosome from GND and the other one from IvP35. It
can be used for haplotyping. In this case, some of the GND-IvP35 heterozygous sites will be homozygous
(AA) and the others will be heterozygous (AB).

(c.) A region that is DD and has both IvP35 haplotypes or one that is CC (has GND chromosomes only)
reconstitute the parental genotypes. These cannot be used for haplotyping.
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GndS.N4 x IvP 35
small and large; spotted and non-spotted F1 seeds.

Figure 8. Seed dimorphism - The four types of F1 and F2 seed.
Small spotted (SSP), small non-spotted (SNS), large non-spotted (LNS), and large spotted (LSP).
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35

A histogram of Hl Rate in F2 population (n=75)

30 GND Hli rate = 0.0 h/b

(parent 1)

IvP 35 rate = 0.3 h/b

25 (parent 2)

20

15

Number of lines

10

Hl rate (he;ploids per I;erry)

0 0 0
0 — e
A NS N S R N TV A N R Vg

Figure 9. Distribution of HIR in the F2 generation (n=75)
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Square root HIR vs seed death rate for 85 wildtype & haploid-inducing
diploid lines (mapping F1 & F2 lines, IvP lines, Phu 1.22, & GND)

R=0.62, p=1.5e-10

— —
©o N o

=N

Seed death rate (number of dead seeds per berry)

o © o
Q. Ql N’
Square root HIl rate

Figure 10. Relationship between HIR and seed death rate.

The population consists of both haploid inducing and wild-type (non-inducing) diploid Phureja lines that
include my F1 and F2 mapping population, Phul.22, IvP lines (IvP18/Herm 18, IvP35, IvP48, and IvP101),
and GND. Population-wide HIR (haploid induction rate) is normalized by taking the square root of the
HIR. Seed death rate is the number of dead seeds per berry. | am curious if the wild-types with high seed
death rate are mischaracterized haploid inducers.
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Square root HIR vs Seed death rate for haploid inducers only.
(F1 & F2 mapping lines, Phu 1.22, and IvP lines. n=54).

16 R=0.48, p=0.00027

12

Seed death rate (number of dead seeds per berry)

4 -
[ ]
[ ]
L] [ ]
o © o v
Q. Q. Qﬁ Nﬁ

Square root HIl rate
Figure 11. Relationship between (normalized) HIR and seed death rate.

This is for haploid inducing lines only, which subset of individuals analyzed in the previous figure. HIR
(haploid induction rate) is in haploids per berry (h/b) while seed death rate is measured as dead seeds
per berry.
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Figure 12. The results of the QTL analysis across the whole genome.

The analysis was performed using heterozygous SNP markers. A QTL was identified on the same region
on chromosome 3 using the three algorithms (EM, HK and multiple imputation, respectively)
implemented in the r/qtl program. The haploid induction H allele was hypothesized to be on this

chromosome using BSA analysis.
No interacting or additive loci were detected (not shown). The peak on chromosome 9 is likely a

misplaced or a problematic marker. The inheritance pattern in this region (Figure 13), and a single
marker peak are not consistent with a QTL.
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GND (wild-type parent) allele freq per bin in F2 sub-populations
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Figure 13. BSA analysis of the 73 F2 plants.
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“
A

F2 Haploid Induction (H.l) Bulks:
@ high H.I.R bulk (> 0.75 h/b; n=11)

@ moderate H.I.R bulk (0.3 - 0.75 h/b; n=15)
@ ow H.ILR (>0.0 - 0.3 hib; n=18)

@ wild-type bulk (0.0 h/b; n=29)

Homozygous SNPs (GND AA and IVP aa) were used. The expected inheritance pattern of GND alleles is as
follows: GND allele frequency is high above 0.5 in the zero HIR (WT bulk), just below or around 0.5 in the
low HIR bulk, lower in the moderate HI bulk, and very low tending towards zero in the high HIR bulk.
This pattern is observed in chromosome 3 only. The scatter plot pattern from the top should be Red,
Blue, Brown, and Green for a region associated with HI. The blue, black and red lines mark a frequency

of 0.75, 0.5, and 0.25, respectively.

115



GND (wild-type parent) allele freq (AF) difference (WT - High HIR bulk) per bin in HI sub-populations
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Figure 14. Allele frequency difference between the wild-type bulk and the high HIR bulk.

The highest difference is on chromosome 3. The allele frequency difference between regions on
chromosome 2 and on chromosome 8 are almost as large as that on chromosome 3, the pattern of this
allele frequency in the different bulks (figure 13) is not as hypothesized i.e wild-type bulk has highest
GND allele frequency while high HIR bulk has the lowest frequency.
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Homozygous IvP35/GND SNPs on Chr03. F2 haploid inducers only

N

0

Panel (a)

0

Position in Mb

ZR330860: HIR= 1.83
ZR330859: HIR=1.2
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ZR330854: HIR= 1
ZR330853: HIR= 1
ZR330877: HIR= 0.83
ZR330851: HIR= 0.83
ZR330852: HIR= 0.8
ZR330850: HIR= 0.75
ZR330848: HIR= 0.67
ZR330847: HIR= 0.64
ZR330846: HIR= 0.6
ZR330873: HIR=0.5
ZR330871: HIR=0.5
ZR330845: HIR= 0.5
ZR330843: HIR=0.5
ZR330875: HIR=0.4
ZR330869: HIR=0.4
ZR330842: HIR=0.4
ZR330841: HIR=0.4
ZR330840: HIR=0.4
ZR330839: HIR= 0.33
ZR330838: HIR= 0.33
ZR330837: HIR= 0.33
ZR330836: HIR= 0.29
ZR330866: HIR= 0.25
ZR330864: HIR= 0.25
ZR330861: HIR= 0.25
£ZR330835: HIR= 0.25
ZR330834: HIR= 0.25
ZR330833: HIR=0.2
ZR330832: HIR=0.2
ZR330831: HIR= 0.2
ZR330830: HIR=0.2
ZR330829: HIR=0.2
ZR330828: HIR=0.2
ZR330876: HIR= 0.17
ZR330825: HIR= 0.17
ZR330824: HIR= 0,17
ZR330823: HIR= 0,17
ZR330822: HIR= 0.17
ZR330821: HIR=0.11

60

Figure 15. Recombination breaks across chromosome 3 for each F2 haploid inducer.

Homozygous SNPs were used to generate the figure. The blue dots represent GND homozygous regions
(AA), red ones represent IvP35 homozygous (BB), while the black ones represent heterozygous (AB)
regions. The specific IvP35 haplotype is not specified. Panel (a.) shows the F2 haploid inducers arranged
by increasing HI rate. The black line between individuals 18 and 19 (HIR=0.29h/b and HIR=0.33 h/b)
shows the IvP35 Hl rate (0.3 h/b). Panel (.b) shows the wild-type (non-haploid inducer) individuals.
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Homozygous IvP35/GND SNPs on Chr03. F2 wild-type individuals

0 40
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ZR330812: HIR=0
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ZR330810: HIR= 0
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Figure 16. Chromosome 3 recombination breaks for wild-type (non-inducing) F2 plants.

The figure was generated as explained in text and in figure 15.
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Genotype of linked markers vs HI rate (h/b)

Kruskal-Wallis, p = 1.2e-07
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Figure 17. Relationship between HIR (h/b) and genotypes at the H locus.

The variances between the two groups are unequal (p-value Levene's test < 0.05). The non-parametric
Kruskal-Wallis test for analysis of variance was used to detect differences between the three genotypes
and the non-parametric Wilcox test used for group comparisons. The p-values for the group
comparisons are shown on the plot
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Genotype of linked markers vs sqrt HI rate (h/b)

Anova, p = 2.2e-09 .
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Figure 18. Relationship between normalized HIR (h/b) and genotypes at the H locus.

HI rate data set was normalized by taking the square root. The variance is not significant after the
transformation. An ANOVA test was performed and t-tests used for group comparisons. The p-values are
shown as above.
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Figure 19. Chromosome 3 IvP35 haplotypes 1 and 2 (H1 and H2) in the F1 lines.

The haplotype that was inherited by each sequenced F1 plant is shown. Note that the three wild-type
plants have inherited the H2 haplotype from 37.3 Mb to 43.6 Mb while all inducers inherited the H1
haplotype.
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A box plot of F2 seed size
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Figure 20. A box plot of F2 seed size.

Seeds were separated into large non-spotted seeds (LNS), large spotted (LSP), small non-spotted (SNS)
and small spotted (SSP) seeds by visual examination. The longest axis of the seed was then measured.
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GND (non-spotted parent) allele freq per bin in
F2 seed embryo spot sub-populations
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Figure 21: Allele frequencies in spotted and non-spotted seed bulks.

The graph shows the GND allele frequency across the genome. Each dot represents a 100kb bin. The bin
genotypes were called by counting the total number of reads covering the parents. A bin was assigned
homozygous if >95% of reads came from one parent. The minimum number of informative reads in the
bin was 100 reads. Only SNPs that were homozygous in both parents were used. The number of F2
plants in the non-spotted bulk is 24 while the spotted bulk has 49 individuals.
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Difference in GND (non-spotted parent) allele frequency
between non-spotted and spotted F2 bulks
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Figure 22. GND allele frequency difference between the two F2 sub-populations.

The GND allele frequency in the spotted bulk minus the GND allele frequency in the non-spotted bulk.
The black line marks points at which allele frequency difference between the two bulks is zero. The blue
and the red lines are points when allele frequency difference is 0.3 in either diretion. The highest allele
frequency difference is on chromosome 10 where the maximum allele frequency difference is 0.3. The
allele frequency of the non-spotted parent (GND) is elevated in the non-spotted bulk and reduced in the
spotted bulk.
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Figure 23: Detection of loci associated with seed spotting.

The three plots show the results of QTL mapping using the r/qtl package in R software using three
algorithms i.e (a) standard interval mapping using the E.M algorithm, (b) Haley-Knot algorithm and (c)
multiple imputation method. SNPs that were heterozygous in GND but homozygous in IvP 35 were used

to construct the bins that were used as markers. There were 3646 markers.
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GND allele freq per bin in F2 seed size sub-populations
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Figure 24. GND allele frequency in the F2 seed size subpopulations.

Each individual in the population is derived from a small seed (n=37) or from a large seed (n=36). It was
not determined how the trait would segregate from these individuals. The blue, black and red lines mark
a frequency of 0.75, 0.5, and 0.25, respectively.
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Figure 25. QTL mapping for seed size, using the r/qtl package in R software.

Three algorithms implemented in the package were used. i.e (a) standard interval mapping using the

E.M algorithm, (b) Haley-Knot algorithm and (c) multiple imputation method. SNPs that GND
heterozygous but homozygous in IvP 35 were used to construct the bins that were used as markers.

There were 3646 markers.
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